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Abstract 
 
Black root rot is a severe disease of nursery avocado trees and orchard transplants caused by 
soilborne fungal pathogens in the Nectriaceae family. The genera reported to be associated with 
black root rot are Calonectria, Cylindrocladiella, Dactylonectria, Gliocladiopsis and 
Ilyonectria. These genera have not been widely studied in avocado, although the disease causes 
significant commercial loss, with symptoms including black, rotten roots; tree stunting; leaf 
wilt; and rapid tree decline and death. This PhD research aims to i) identify the nectriaceous 
fungal species found in avocado roots in Australia, using morphological studies and molecular 
phylogenetic analyses of fungal gene sequences; ii) to perform pathogenicity tests on avocado 
seedlings and fruit to determine the pathogenic species; iii) to investigate whether the 
pathogens produce phytotoxic exudates which induce and facilitate disease symptom 
development; iv) and to use the generated gene sequence data to develop a molecular diagnostic 
for rapidly detecting the pathogens.  
 
Fungal isolates were obtained from symptomatic roots from sick and healthy avocado trees, 
nursery stock, young orchard transplants and mature established orchard trees from all growing 
regions in Australia, and from other host species. Bayesian inference and Maximum likelihood 
phylogenetic analyses of concatenated ITS, β-tubulin and histone H3 gene loci were used to 
identify and classify 153 Nectriaceae isolates in the genera Calonectria, Cylindrocladiella, 
Dactylonectria, Gliocladiopsis, Ilyonectria and Mariannaea. Three new species of 
Gliocladiopsis were identified and described as G. peggii, G. forsbergii and G. whileyi in a 
taxonomic study focusing on this genus. Comprehensive phylogenetic analyses also revealed 
additional new species and species complexes in each genus. Fungal species associated with 
black root rot of avocado in Australia was shown to include: species complexes of Calonectria 
ilicicola, Dactylonectria macrodidyma, D. anthuriicola, D. vitis, D. pauciseptata and 
Gliocladiopsis peggii, all containing putative novel species; D. novozelandica, putative novel 
and unresolved species of Ilyonectria, unresolved Gliocladiopsis sp., G. forsbergii, G. whileyi, 
Cylindrocladiella pseudoinfestans, Mariannaea humicola and a putative novel species of 
Mariannaea.  
 
Glasshouse pathogenicity tests confirmed fungal isolates of Calonectria ilicicola from 
avocado, papaya, peanut and custard apple caused significant root rot in avocado cv. Reed 
seedlings within 5 weeks of inoculation, inferring potential disease transmission between 
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different hosts. These isolates also caused significant tree stunting, wilted leaves and seedling 
death in this time period. A Calonectria sp. isolate from blueberry was also found to cause 
black root rot in avocado seedlings but not stunting. New disease records in Australia were 
established for Dactylonectria macrodidyma, D. novozelandica, D. pauciseptata and D. 
anthuriicola as pathogens of avocado, causing black root rot in glasshouse experiments within 
9 weeks of inoculation; however, stunting was not observed. Avocado isolates of 
Cylindrocladiella pseudoinfestans, Gliocladiopsis peggii and Ilyonectria sp., and a grapevine 
isolate of Ilyonectria sp. were confirmed as non-pathogenic to avocado seedlings. 
Pathogenicity experiments on avocado cv. Hass fruit showed necrotic lesions developed on 
fruit skin at mechanically wounded sites inoculated with Ca. ilicicola isolates from avocado 
and papaya, and D. macrodidyma and Ilyonectria sp. isolates from avocado. However only Ca. 
ilicicola isolates from avocado were able to infect and cause necrosis at non-wounded sites.   
 
Fungal culture filtrates (CF) of Calonectria ilicicola and Dactylonectria macrodidyma grown 
in potato dextrose broth (PDB) were tested for the ability to induce and facilitate phytotoxic 
symptom development in tomato seedling model plants, and in avocado cv. Reed leaves and 
fruit. Purified Brefeldin A (BFA), a known phytotoxin produced by Ilyonectria and 
Dactylonectria spp., was also tested for symptom development in tomato seedlings. Tomato 
seedlings treated with BFA or CF of Ca. ilicicola developed significant leaf wilt, chlorosis and 
necrosis by 12 days post treatment, compared to plants treated with water. However, seedlings 
treated with D. macrodidyma CF were not significantly different to plants treated with 
unamended PDB. Symptoms in plants treated with Ca. ilicicola CF were statistically similar to 
those treated with BFA, and plants of both treatments were developed symptoms more rapidly 
and severely than seedlings treated with D. macrodidyma CF or PDB. Glasshouse and in vitro 
trials on avocado leaves were inconclusive. Necrotic lesions developed on avocado fruit cv. 
Reed regardless of treatment and there was inconclusive evidence to suggest the facilitation of 
Ca. ilicicola or D. macrodidyma CF on disease symptom development by nectriaceous fungi. 
The necrotic lesions on fruit singularly treated with Ca. ilicicola CF were significantly larger 
than lesions formed on fruit treated with unamended media, suggesting that nectriaceous fungal 
exudates may potentially facilitate the exacerbation of post-harvest disease. 
 
The pathogens Calonectria iliciciola and Dactylonectria macrodidyma were selected for the 
development of a rapid, loop-mediated isothermal amplification (LAMP) diagnostic test. The 
collection of nectriaceous fungal DNA sequence data from three gene loci enabled the 
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identification of candidate genes containing unique fixed nucleotides for specific species 
detection. Histone H3 was selected for detecting D. macrodidyma and β-tubulin was selected 
for detecting Ca. ilicicola. Species-specific LAMP primers were designed from the unique 
fixed nucleotides of those genes. The LAMP diagnostic was sensitive and specific to 0.01ng/µl 
of fungal DNA and could detect fungal mycelia of Ca. ilicicola within 12–25 minutes and D. 
macrodidyma within 13–28 minutes. Detection was significantly faster when tested with pure 
DNA, with Ca. ilicicola detected within 11 minutes on average and D. macrodidyma detected 
within 12–20 minutes. Calonectria ilicicola was successfully detected in necrotic avocado 
roots of cv. Reed seedlings previously inoculated in the glasshouse.    
 
The PhD study has significantly expanded knowledge on the diversity of nectriaceous fungal 
species associated with avocado, identified pathogens which cause black root rot disease in 
Australian avocado trees, demonstrated a potential role of phytotoxic exudates in 
pathogenicity,  and contributed towards improving disease management in the global avocado 
industry through the development of a rapid molecular diagnostic test.       
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ATP Adenosine triphosphate 
BFA Brefeldin A  
BI Bayesian inference  
BIP Backward Inner Primer  
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Agriculture and Fisheries, Dutton Park, Australia.  
BS Bootstrap  
CBS CBS-KNAW Fungal Biodiversity Centre, Utrecht, The Netherlands. 
CF Culture filtrates 
Ci Calonectria ilicicola 
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LSU Large subunit 
mcmc Markov Chain Monte Carlo  
min Minute or minutes 
ML Maximum likelihood  
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PCR Polymerase chain reaction 
PDA Potato dextrose agar 
PDB Potato dextrose broth  
PP Posterior probabilities  
PSRF Potential Scale Reduction Factor  
QLD Queensland 
rcf Relative centrifugal force 
RFLP Restriction Fragment Length Polymorphisms  
RNA Ribonucleic acid 
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of nucleotide changes per site. 
 
Fig. 9 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference 
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Chapter 3: Novel species of Gliocladiopsis (Nectriaceae, Hypocreales, Ascomycota) 
from avocado roots (Persea americana) in Australia  
 
Fig. 1 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference 
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fungal culture filtrates into the leaf epidermis.  
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Dactylonectria macrodidyma CF (far right).  
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filtrates on phytotoxic symptom development in tomato cv. Cherry Tomato leaves.  
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Table 6. Trial 2 and Trial 3: Effect of treating cv. Cherry tomatoes with nectriaceous culture 
filtrates, or BrefeldinA, on fresh and dry plant biomass (g) measured at 12 days post treatment 
or upon seedling death. 
 
Chapter 6: Development of a loop-mediated isothermal amplification (LAMP) 
diagnostic for the rapid detection of nectriaceous pathogens 
 
Fig. 1 – Schematic representation of the LAMP reaction reproduced from Notomi et al. 
(2015).  
 
Fig. 2 – Schematic representation of the LAMP primer annealing sites in the target DNA 
sequece, reproduced from  Fukuta et al. (2013).  
 
Table 1. Summary and comparison of advantages of the diagnostic tools discussed in the 
literature review. 
 
Table 2. List of fungal isolates used as DNA templates in each experiment of this study. 
 
Table 3. Initial sensitivity and specificity testing of LAMP diagnostic design for detecting 
Calonectria ilicicola. 
 
Table 4. Initial sensitivity and specificity testing of LAMP diagnostic design for detecting 
Dactylonectria macrodidyma. 
 
Table 5. Testing Loop Primers for improved detection time, sensitivity and specificity for 
detecting Calonectria ilicicola. 
 
Table 6. Testing Loop Primers and isothermal reaction temperatures for improved detection 
time, sensitivity and specificity for detecting Dactylonectria macrodidyma.  
 
Table 7. Testing optimised primer sets and isothermal conditions for specificity in detection 
of target species, Calonectria ilicicola, using fungal DNA extracts as templates. 
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Table 8. Testing optimised primer sets and isothermal conditions for specificity in detection 
of target species, Dactylonectria macrodidyma, using fungal DNA extracts as templates. 
 
Table 9. Testing optimised primer sets and isothermal conditions for specificity in detection 
of target species, Calonectria ilicicola, using fungal mycelia in sterile distilled water. 
 
Table 10. Testing optimised primer sets and isothermal conditions for specificity in detection 
of target species, Dactylonectria macrodidyma, using fungal mycelia in sterile distilled water. 
 
Table 11. Testing optimised primer sets and isothermal conditions for specificity in detection 
of target species, Calonectria ilicicola. 
 
Table 12. Testing optimised primer sets and isothermal conditions for specificity in detection 
of target species, Dactylonectria macrodidyma, using inoculated avocado roots.  
 
Appendix 
 
Table A1. Full details of the fungal isolates examined in the phylogeny study (Chapter 2). 
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Chapter 1: Introduction 
 
1.1 Introduction: Avocados in Australia 
 
Avocado (Persea americana) is a fruit tree in the family Lauraceae (Order Laurales, Class 
Magnoliids), which comprises approximately 50 genera containing about 3000 species 
(Schaffer et al., 2013). Members of the Lauraceae include several species of commercial 
interest such as bay laurel (Laurus nobilis), the aromatic spice cinnamon (Cinnamomum 
zeylanicum), camphor laurel (Cinnamomum camphora), and timber trees in the genera 
Chlorocardium, Eusideroxylon, Persea and Beilschiedia. The avocado fruit is considered to be 
the most important commodity in the Lauraceae (Schaffer et al., 2013) and is rich in vitamins 
B, A and E, folic acid, iron and poly- and mono-unsaturated fatty acids (Dirou, 2003).  
 
Globally avocado fruit production is approximately 3.5 million tonnes (Schaffer et al., 2013) 
and in Australia, annual production is approximately 66,716 tonnes worth AU$920 million 
retail value (Avocados Australia, 2016). Australian avocado exports account for approximately 
1500 tonnes, worth AU$5 million annually (Avocados Australia, 2016). Avocado consumption 
has doubled in the last 10 years, with annual per capita consumption averaging 3.2 kg per 
person (Avocados Australia, 2016). The main growing regions in Australia are in Queensland 
(representing 49.1% of annual avocado fruit production), Western Australia (representing 
36.6%), New South Wales (8.9%), and the Tri State (5.4%) along the Murray River, which 
includes parts of New South Wales, Victoria and South Australia. The most important 
commercial fruit cultivars grafted onto rootstock are Hass, which contributes 82.75% of 
Australia’s avocado fruit production, Shepard, which is 13.52% of production, and Reed which 
represents 1.55% of production. The remaining 2.18% of production is comprised of Lamb 
Hass, Wurtz, Sharwil, Fuerte, Gwen, Pinkerton, Bacon, GEM, Edranol and unnamed varieties. 
 
1.2 Black root rot disease impacting avocado production in Australia 
 
Black root rot is considered to be a severely damaging disease of nursery avocado trees and 
young orchards transplants, causing death within 1–5 years after planting (Dann et al., 2012). 
The disease is reportedly associated with a complex of fungi in the Nectriaceae (Order 
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Hypocreales), including Calonectria spp., Cylindrocladiella spp., Gliocladiopsis spp. and 
Ilyonectria spp. (Crous et al., 1991, Dann et al., 2012, Vitale et al., 2012). Symptoms of black 
root rot caused by nectriaceous pathogens include black, rotten and reduced roots, stunted trees, 
leaf wilt and chlorosis, necrosis and browning, leaf drop, tree decline and death (Dann et al., 
2012). Black root rot has contributed to significant commercial loss in Australia (Dann et al., 
2012) and in numerous countries including Chile (Besoain & Piontelli, 1999), Colombia 
(Ramírez Gil, 2013), Israel (Zilberstein et al., 2007), Italy (Vitale et al., 2012) and New Zealand 
(Boesewinkel, 1986). However, a comprehensive analysis of the nectriaceous genera 
associated with avocado trees has not been undertaken. 
 
Genera in Nectriaceae have been the subjects of extensive taxonomic revision in recent years, 
facilitated by molecular phylogenetic techniques (Crous, 2002, Chaverri et al., 2011, Lombard 
et al., 2014, Lombard et al., 2015, Rossman et al., 2013). For many nectriaceous fungal species, 
recent molecular phylogenetic species identification may not correspond to the previously 
reported species, resulting in taxonomic and nomenclature confusion. It is therefore important 
to have an unambiguous understanding of the agents associated with black root of avocado and 
other hosts historically and for future records. Knowledge of the diversity and relative 
pathogenicity of nectriaceous fungi is required to assist with accurate diagnosis and disease 
management strategies, and such information will make a significant contribution to scientific 
knowledge and the industry globally. 
 
1.3 Central research objectives 
 
The central objectives of the PhD thesis were (i) to determine the nectriaceous fungal genera 
and species associated with black root rot in Australian avocado trees; (ii) to find which 
nectriaceous fungal species cause the disease; (iii) to investigate whether the pathogens are 
producing phytotoxic agents causing disease symptoms; and (iv) to develop a rapid molecular 
diagnostic test to detect nectriaceous pathogens in avocado roots.  
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1.4 Scope of research 
 
The scope of the PhD research was to (i) collect nectriaceous fungal isolates from symptomatic 
and healthy avocado roots, and from other hosts, in all avocado growing regions of Australia; 
(ii) to identify the nectriaceous fungi associated with black root rot of avocados using 
morphological studies, gene sequencing and a construction of the phylogeny with molecular 
phylogenetic analyses; (iii) to investigate the pathogenicity of nectriaceous fungi, isolated from 
avocados and from other hosts, in avocado seedlings; (iv) to test culture filtrates of confirmed 
pathogens on ability to induce and facilitate disease symptom development; (v) and to use the 
fungal gene sequence data to develop a molecular diagnostic for the rapid detection of 
nectriaceous pathogens in avocado root tissue. 
 
A more detailed rationale of the experimental investigation is outlined in the research questions 
and aims below.  
 
1.5 Key research questions and aims 
 
Research Theme 1 – Fungal Taxonomy and Phylogeny 
 
Chapter 2 
“Which genera and species in the Nectriaceae are associated with black root rot disease of 
avocado trees in Australia and where are they placed in phylogeny? Where are the 
nectriaceous isolates from other hosts placed in the phylogeny?” 
 
The aims of Chapter 2 were to collect and identify nectriaceous fungal isolates from avocado 
roots of symptomatic and healthy trees from all growing regions in Australia, and from other 
hosts, and to identify the isolates to genus and species level by morphological studies, gene 
sequencing and molecular phylogenetic analyses. 
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Chapter 3 
“What is the phylogeny of the Australian Gliocladiopsis isolates? Are there any new species 
of Gliocladiopsis in Australia yet to be described? What are the morphological and genetic 
differences between the Australian species?” 
 
Chapter 3 aimed to formally describe novel species in the Gliocladiopsis genus which were 
collected and identified in Chapter 2.    
 
Research Theme 2 – Pathogenicity  
 
Chapter 4 
Which nectriaceous species are pathogenic to avocado trees? Are isolates of nectriaceous 
pathogens collected from other hosts also pathogenic on avocado? Can nectriaceous fungi 
cause disease on avocado fruit? 
 
Chapter 4 aimed to test selected nectriaceous fungal isolates from the collection established in 
Chapter 2 and Chapter 3, for pathogenicity in avocado seedlings and fruit.  
 
Chapter 5 
“Are the nectriaceous pathogens producing phytotoxic exudates which contribute to symptoms 
and do these exudates facilitate infection and disease development?” 
 
Chapter 5 aimed to investigate whether the nectriaceous fungal pathogens, in Chapter 4, 
produce phytotoxic fungal exudates which induce and facilitate disease symptom development 
in avocado and model tomato seedlings.  
 
Research Theme 3 – Molecular diagnostic design 
 
Chapter 6 
“Can a rapid, sensitive & specific diagnostic tool for detecting selected nectriaceous 
pathogens be developed from the fungal gene sequence data collected in the phylogenetic 
study? Can this rapid diagnostic detect the pathogens of interest in symptomatic plant tissue?” 
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Chapter 6 aimed to use the fungal gene sequence data generated in Chapter 2 to design a rapid 
molecular diagnostic tool which detects, in plant tissue, selected nectriaceous fungal pathogens 
from Chapter 4.  
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Chapter 2: Diversity of nectriaceous fungi associated with avocado 
(Persea americana) in Australia 
 
2.1 Abstract 
This research chapter catalogues the nectriaceous fungi associated with black root rot disease 
of avocado (Persea Americana) trees in Australia. Fungal isolates were collected from the roots 
of diseased and healthy avocado nursery trees, young orchard transplants and established 
orchard trees from growing regions in Queensland, New South Wales, Victoria, South 
Australia and Western Australia. Nectriaceous fungi were also collected from other hosts, 
including grapevine, peanut, pinto peanut, papaya, custard apple, blueberry, tea tree, 
Elaeocarpus sp., Heliconia sp., camphor laurel (Cinnamomum camphora), Endiandra sp. and 
Cryptocarya sp. A total of 91 plants were sampled and 153 fungal isolates were identified or 
classified using phylogenetic analyses of sequences of ITS, β-tubulin and Histone H3 gene loci. 
Isolates associated with black root rot of avocado were recovered in six genera of fungi in the 
Nectriaceae namely, Calonectria (15 isolates), Cylindrocladiella (2), Dactylonectria (64), 
Gliocladiopsis (28), Ilyonectria (41) and Mariannaea (3). The species identified were 
Calonectria ilicicola, Cylindrocladiella pseudoinfestans, Dactylonectria macrodidyma, D. 
novozelandica, D. anthuriicola, D. vitis, D. pauciseptata and Mariannaea humicola. Over 20 
new species across 6 genera in the Nectriaceae have been provisionally identified, including 
Calonectria (7 species), Cylindrocladiella (1), Dactylonectria (7), Gliocladiopsis (3), 
Ilyonectria (5) and Mariannaea (1). There were some unresolved taxa in paraphyletic clades 
and species complexes in a number of the genera examined. Further gene sequencing and 
phylogenetic analyses of different gene loci may help to resolve these species complexes. 
 
2.2 Introduction and Literature Review 
 
2.2.1 Nectriaceous fungi 
 
The Nectriaceae (Hypocreales, Ascomycota) contains about 55 genera and 900 species found 
throughout the world in diverse habitats (Lombard et al., 2015), including soil (Agustí-Brisach 
& Armengol, 2013), plant roots (Dann et al., 2012, Erper et al., 2013), plant stems (Sadowsky 
et al., 2011, Úrbez-Torres et al., 2013), leaves (Chen et al., 2011, Crous & Wingfield, 1993), 
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freshwater (Cai et al., 2010) and marine environments (Lombard et al., 2014). The majority of 
nectriaceous species are soilborne and may be saprobic, weak plant pathogens, obligate plant 
pathogens, opportunistic plant pathogens, mycoparasites or entomopathogens (Lombard et al., 
2015). Many species in the Nectriaceae are agriculturally important (Lombard et al., 2015) with 
a number known to be devastating soilborne root pathogens, including Fusarium oxysporum f. 
sp. cubense, which causes Panama disease in bananas (Dita et al., 2010); Ilyonectria liriodendri 
(Pathrose et al., 2013), Cylindrocladiella parva (Brown et al., 2013) and a number of 
Dactylonectria spp. (Lombard et al., 2014) that cause black foot of grapevine; and Calonectria 
ilicicola that causes aggressive diseases of several hosts including black root rot of avocado 
(Dann et al., 2012), Cylindrocladium black rot (CBR) of peanut (Wright et al., 2010), collar rot 
of papaya (Male et al., 2012) and red crown rot of soybean (Kuruppu et al., 2004). In Italy, 
Calonectria ilicicola caused crown and root rot of nursery seedlings of ornamental bay laurel 
(Laurus nobilis) (Polizzi et al., 2012), which is related to avocado.  
 
2.2.2 Nectriaceous fungi associated with black root rot of avocado  
 
Black root rot of avocado is a devastating disease of nursery trees and young orchard 
transplants, causing black and necrotic roots, tree stunting, wilt, leaf chlorosis and browning, 
leaf drop, and plant death within 1–5 years of planting (Dann et al., 2012, Zilberstein et al., 
2007). Various nectriaceous species are associated with avocado black root rot around the 
world. In Italy the disease was found to be caused by Dactylonectria macrodidyma (Vitale et 
al., 2012). Ilyonectria destructans was isolated from necrotic roots of young dying orchard 
trees in Israel, Colombia and Chile (Besoain & Piontelli, 1999, Ramírez Gil, 2013, Zilberstein 
et al. 2007). Tree deaths in Chile caused by I. destructans reached 22,000 in two years (Besoain 
& Piontelli, 1999). In disease surveys in Israel, black root rot symptoms were reported within 
2–5 years after planting and 10–100% of roots of sampled trees contained I. destructans 
(Zilberstein et al., 2007). In a single orchard in Colombia, young tree deaths were reported less 
than one month after transplanting and I. destructans was consistently isolated from 
symptomatic roots (Ramírez Gil, 2013). An unidentified Cylindrocarpon sp. was associated 
with declining avocado trees in Spain (López-Herrera & Melero-Vara, 1991).  
 
In Australia, the causal agent of black root rot of avocado was reported as Calonectria ilicicola 
(Dann et al., 2012).  Cylindrocladiella parva was associated with the death of 3 year old cv. 
Wurtz trees in Woombye, New South Wales (Dann et al., 2012). Ilyonectria liriodendri and an 
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unidentified Gliocladiopsis sp. were isolated from avocados with black root rot but these fungi 
were not pathogenic to avocado seedlings in glasshouse studies (Dann et al., 2012).  
 
In a lupin baiting study on diseased avocado roots in South Africa, Darvas (1978) isolated 
Ilyonectria destructans (as Cylindrocarpon destructans), Cylindrocladiella parva (as 
Cylindrocladium parvum) and Calonectria morganii (as Cylindrocladium scoparium). 
Although the incidence of each species isolated from the roots was not quantified, Darvas 
(1978) noted that I. destructans and Cy. parva were frequently found in avocado roots and soil 
surrounding the roots, while Ca. morganii was less often found in avocado roots. It was later 
shown that Calonectria morganii was restricted to Brazil, Europe and North America, while 
the isolates from South Africa and Australia were Calonectria pauciramosa (Crous, 2002, 
Dann et al., 2012, Lombard et al., 2010b). Ilyonectria destructans has historically gone through 
numerous taxonomic and nomenclatural changes (Lombard et al., 2015) and consequently has 
been reported in the plant pathology literature under the synonyms, Cylindrocarpon 
destructans, Neonectria radicicola and Ilyonectria radicicola (Brown et al., 2013, Dann et al., 
2012, Groenewald et al., 2006, Iles et al., 2010, Ramírez Gil, 2013, Snyman et al., 1984, 
Zilberstein et al., 2007). There is uncertainty about the identity of many of the species reported 
in the literature that have been identified by morphology alone, as this is an unreliable 
diagnostic method  for species identification of these fungi. This is demonstrated by Ilyonectria 
destructans (as Neonectria radicicola and Cylindrocarpon destructans in Besoain & Piontelli, 
1999, Darvas, 1978, López-Herrera & Melero-Vara, 1991, Ramírez Gil, 2013, Snyman et al., 
1984, Zilberstein et al., 2007), Cylindrocladiella parva (as Cylindrocladium parvum in Darvas, 
1978) and Calonectria pauciramosa (as Cylindrocladium scoparium in Darvas, 1978). Further, 
there is uncertainty about which nectriaceous species cause black root rot disease of avocado, 
as some studies have only reported the fungi associated with diseased roots and have not 
demonstrated pathogenicity (Darvas, 1978, Zilberstein et al., 2007). Nevertheless, the plant 
pathology literature over many decades indicates that several nectriaceous species have a 
potential role in black root rot of avocado. This highlights the need to correctly identify the 
associated species using modern methods of identification (Crous et al., 2015) and to perform 
pathogenicity tests to screen for the causal agents.   
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2.2.3 Taxonomy and morphological characteristics of the nectriaceous fungi 
associated with avocado black root rot 
 
Stable taxonomies have been provided for many fungi by the abolishment of the dual 
nomenclature fungal naming system (Crous et al., 2015, Lombard et al., 2014, 2015) and the 
modern use of gene sequence technology and molecular phylogenetic analyses. The 
Nectriaceae were shown to contain 18 phylogenetic clades comprising 48 genera (Lombard et 
al., 2015). The genera associated with black root rot of avocado occur in four main clades (Fig. 
1) (Lombard et al., 2015) that represent the genera Gliocladiopsis, Cylindrocladiella, 
Calonectria, Ilyonectria and Dactylonectria. Mariannaea species have not yet been reported 
as associated with black root rot of avocado.  
 36 
 
 
Fig. 1 – The maximum likelihood (ML) consensus tree of 10 gene loci, displaying Nectriaceae clades 1 – 6 
reproduced from  Lombard et al. (2015). Topologies present in both ML and Bayesian inference (BI) are 
represented by thickened branches. Branches with ML bootstrap (BS) support values of 100% and BI posterior 
probabilities (PP) of 1.0 are in red. Blue branches represent BS ≥75% and PP ≥0.95. The accepted genera are 
indicated in coloured blocks, with the clade numbers displayed to the right of the blocks.  
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Nectriaceous fungi are characterised by phialidic asexual morphs that produce non-septate 
(amerosporous) to multi-septate (phragmosporous) conidia. The sexual morphs produce white, 
yellow, orange-red or purple uniloculate (single chambered) ascomata that are not immersed 
in well-developed stroma (mycelia) (Lombard et al., 2015). The key morphological features 
that distinguish the nectriaceous genera are the conidiophores and conidia. Although all of the 
genera produce cylindrical macroconidia, the important taxonomic differences are in the size 
and number of septa, as well as the presence or absence of microconidia. 
 
Calonectria 
 
The asexual morph of Calonectria is frequently encountered in soil (Lombard et al., 2010a). 
Prior to the abolishment of dual nomenclature for fungi in 2011 (Crous et al., 2015, Lombard 
et al., 2014), Cylindrocladium was widely used as the name for the asexual morph of 
Calonectria (Crous et al., 2004, 2006, Henricot et al., 2008). The distinguishing asexual 
characteristics of Calonectria species are vesicle shape, conidial septation, conidia shape and 
size, and length of the stipe extension (Lombard et al., 2010a, 2010b). Calonectria species have 
branched, penicillate conidiophores with stipe extensions terminating in characteristic vesicles 
producing straight, cylindrical conidia with obtuse ends (Crous, 2002). Conidia are typically 
1–9 septate (multi-septate) and conidia size can be classed as small (up to 65 µm in length), 
medium (up to 80 µm in length) or large (>80 µm in length) (Crous, 2002). Calonectria species 
produce straight to curved, cylindrical microconidia with 1–3 septa (Crous, 2002). 
Microconidia are produced on penicillate conidiophores intermingled with 
macroconidiophores (Crous, 2002). The microconidia of Calonectria are similar to the 
macroconidia of Ilyonectria, and morphological identification of Calonectria should not rely 
on microconidia, but rather on macroconidia and penicillate conidiophore branching as 
Ilyonectria spp. do not have penicillate conidiophores. However, microconidia and 
macroconidia of Calonectria spp. are infrequently observed and were not considered to be 
important morphological characteristics of Calonectria (Lombard et al., 2010a).    
 
Calonectria sexual morphs have yellow to dark red perithecia with scaly to warty walls 
(Lombard et al., 2010a). The perithecium contains long-stalked, clavate (shaped like a club) 
asci (Ulloa & Hanlin, 2000) with 1 to multi-septate ascospores (Lombard et al., 2010a). The 
perithecial wall anatomy of Calonectria species is similar to Ilyonectria (Crous 2002, as the 
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Cylindrocarpon destructans complex) and Gliocladiopsis (Crous, 2002). However, 
Calonectria can be distinguished from these genera by the morphology of the ascus and 
ascospore (Crous, 2002). Calonectria has large, 1 to multi-septate ascospores that are smooth, 
hyaline and fusiform (tapered at the ends) (Ulloa and Hanlin, 2000, Crous, 2002). Ilyonectria 
and Gliocladiopsis have smaller, 1-septate ascospores (Crous, 2002).  
 
Ilyonectria 
 
Ilyonectria asexual morphs have abundant microconidia and brownish chlamydospores that are 
intercalary, globose and single or in chains (Chaverri et al., 2011). Macro- and microconidia 
are hyaline and have (basal) hila (visible scarring at the point of attachment to the conidiophore) 
(Chaverri et al., 2011, Ulloa & Hanlin, 2000). Macroconidia are cylindrical (Lombard et al., 
2015) and 1–3 septate (typically 25–55 µm in length); and microconidia are ellipsoidal to ovoid 
and aseptate to 1-septate (typically 3–15 µm in length) (Chaverri et al., 2011). The macro- and 
microconidia are produced from the same conidiophore (Chaverri et al., 2011). Conidiophores 
are simple, non-branched or sparsely branched; irregularly or verticillately branched; and rarely 
densely branched (Chaverri et al., 2011).  
 
Ilyonectria sexual morphs have red globose to sub-globose perithecia (Lombard et al., 2014) 
that are scaly or slightly warted (Chaverri et al., 2011). The perithecial apex contains papilla 
(small conically rounded elevations) (Ulloa & Hanlin, 2000) and the ascospores are ellipsoidal, 
1-septate, smooth and hyaline (Chaverri et al., 2011).  
 
Prior to the abolishment of dual nomenclature (Crous et al., 2015, Lombard et al., 2014), 
Ilyonectria and Neonectria asexual morphs were named and classified in Cylindrocarpon 
(Abreo et al., 2010, Aiello et al., 2014b, Besoain & Piontelli, 1999). Recent molecular 
phylogenetic analyses have separated Ilyonectria from Neonectria (Chaverri et al., 2011). 
Further, Cylindrodendrum and Dactylonectria have been segregated from Ilyonectria 
(Lombard et al., 2014, 2015). These genera are all collectively known as cylindrocarpon-like 
fungi, but are formally classified in separate genera, Neonectria, Ilyonectria, Cylindrodendrum 
and Dactylonectria (Lombard et al., 2014, 2015).      
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Dactylonectria 
 
Dactylonectria asexual morphs have simple conidiophores that arise from aerial mycelia, 
arranged singularly or loosely aggregated to form sporodochia (Lombard et al., 2014, 2015). 
Conidiophores are septate, unbranched or sparsely branched and produce up to three phialides 
(Lombard et al., 2014, 2015). Phialides are relatively cylindrical with the upper part tapering 
slightly towards the apex (Lombard et al., 2014, 2015). Macroconidia are hyaline, cylindrical, 
straight to slightly curved, 1–4-septate, with the apical cell minutely beaked and often slightly 
bent to one side, and the base containing visible central or lateral hilum (Lombard et al., 2014, 
2015). Microconidia are hyaline, ellipsoid to ovoid, straight, aseptate to 1-septate, with a lateral 
hilum (Lombard et al., 2014, 2015). Chlamydospores, although rare, are thick walled, globose 
to subglobose, smooth but often appear rough and mostly occur in chains (Lombard et al., 2014, 
2015). 
 
The ascomata of Dactylonectria sexual morphs are dark red superficial perithecia that are 
singular or aggregated in groups, ovoid to obpyriform, smooth to finely warted, with the apex 
papillate (Lombard et al., 2014, 2015). The stroma on which these fruiting bodies arise is 
indistinct (Lombard et al., 2014, 2015). The 8-spored asci are clavate to narrowly clavate with 
a rounded apex, containing a minutely visible ring (Lombard et al., 2014, 2015). Ascospores 
are ellipsoidal to oblong-ellipsoidal and taper towards the ends, medianly septate, and smooth 
to finely warted (Lombard et al., 2014, 2015). 
 
Dactylonectria spp. were originally classified as Ilyonectria spp. and both genera share similar 
morphological characteristics (Lombard et al., 2014). Dactylonectria can be distinguished from 
Ilyonectria by the ovoid to obpyriform dark red perithecia, which are smooth to finely warted. 
Ilyonectria contains globose to subglobose orange to red perithecia that are scaly to slightly 
warted (Lombard et al., 2014). Both Dactylonectria and Ilyonectria produce abundant macro- 
and microconidia, however Dactylonectria rarely produces chlamydospores in culture, while 
Ilyonectria often does (Lombard et al., 2014).  
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Cylindrocladiella 
 
The genus Cylindrocladiella includes cylindrocladium-like fungi with symmetrically branched 
monomorphic penicillate or dimorphic penicillate and subverticillate conidiophores (Lombard 
et al., 2015), terminating in 2–4 phialides that produce asymmetrical bundles of small, straight, 
cylindrical conidia (typically <30 µm in length) typically with a single septum (Crous, 2002, 
Lombard et al., 2012). Conidiophores contain a straight, thick-walled aseptate stipe extension 
(Lombard et al., 2012, Rossman et al., 2013) with a basal septum and a terminal thin-walled 
vesicle (Lombard et al., 2015). Cylindrocladiella spp. do not have microconidia, unlike 
Calonectria (Crous, 2002). In some Cylindrocladiella spp., the perithecial walls are smooth 
and collapse laterally when dry (Crous, 2002, Lombard et al., 2012). Brown setae arise from 
the perithecial wall surface (Lombard et al., 2012). Hyaline ascospores are arranged in a single 
row, ellipsoid to fusoid with obtuse ends, smooth, 1-septate (Lombard et al., 2015). 
Chlamydospore chains (and less often clusters) are brown and thick-walled (Lombard et al., 
2015). 
 
Gliocladiopsis 
 
Gliocladiopsis is morphologically similar to Cylindrocladiella as species of both genera have 
similar spore arrangements and neither genera produce microconidia (Crous, 2002). 
Gliocladiopsis can be identified by its dense, penicillate conidiophores which produce small 
aseptate or 1-septate, straight to irregularly curved cylindrical conidia (Rossman et al., 2013), 
typically <30µm in length (Crous, 2002, Lombard & Crous, 2012), generally found in yellow 
droplets, and with globose, brown chlamydospore chains (Lombard & Crous, 2012). The major 
difference between Gliocladiopsis and Cylindrocadliella is the latter generally has only one 
series of branches in the conidiophores, whereas Gliocladiopsis has conidiophores with several 
series of branches (Crous, 2002). Gliocladiopsis lacks sterile stipe extensions, a morphological 
characteristic that distinguishes this genus from Cylindrocladiella and Calonectria (Dann et 
al., 2012, Lombard & Crous, 2012, Rossman et al., 2013). The perithecia of Gliocladiopsis are 
obovoid to broadly obpyriform, with red-brown warted walls and dark red stromatic bases 
(Lombard & Crous, 2012).  
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Mariannaea 
 
Mariannaea has conidiophores that are hyaline, verticillate to penicillate with phialides 
protruding directly from the stipe or metulae in whorls (Lombard et al., 2015). The stipe is 
hyaline, with a yellow-brown base (Lombard et al., 2015). Conidiogenous cells are flask-
shaped phialides with periclinal thickening and inconspicuous collarettes (Lombard et al., 
2015). Conidia are aseptate, produced in chains that collapse, forming fusiform to ellipsoidal 
to obovoid-shaped conidia (av. 5 × 3 µm) (Lombard et al., 2015). Perithecia are pale yellow, 
orange or brown, with a smooth or finely rough perithecial wall (Lombard et al., 2015). Asci 
are cylindrical to narrowly clavate, containing 8 ascospores that are 1-septate and smooth to 
spinulose (Lombard et al., 2015). Mariannaea spp. produce intercalary chains of hyaline, 
globose to ellipsoidal chlamydospores (Lombard et al., 2015).  
 
2.2.4 Taxonomic nomenclature and name changes for nectriaceous fungi  
 
The International Code of Botanical Nomenclature (ICN) for algae, fungi and plants (McNeill 
et al. 2012), ended dual nomenclature for fungi, in which fungal species had sexual morphic 
scientific names as well as asexual morph names (Crous et al., 2015, Rossman et al., 2013). 
The asexual morph, which is encountered more frequently in nature (Lombard et al., 2015) is 
the most taxonomically informative feature in the Nectriaceae, distinguishing both genera and 
species morphologically (Lombard et al., 2015). The routine use of phylogenetic analyses of 
DNA sequences for the classification of fungi, effectively ended dual nomenclature (Crous et 
al., 2015). Nomenclatural practice now utilises the “one fungus – one name” classification 
principle, in which a single fungus has one assigned name, regardless of its morphs. Fungal 
classification and identification is now reliant on gene sequence information, DNA barcoding 
and molecular phylogenetic analyses (Crous et al., 2015).  
 
There is inconsistency in much of the older plant pathology literature with respect to the generic 
names of nectriaceous fungi associated with soilborne diseases. Recent phylogenetic analyses 
have resolved the relationships between many asexual and sexual morphs that have historically 
been placed in different genera. For instance, two species of Nectricladiella, a name based on 
sexual morphs, were synonymised with Cylindrocladiella (Lombard et al., 2012). An example 
of the taxonomic confusion that surrounds some names is illustrated by Cylindrocladiella 
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parva, which has a published taxonomic synonym Cylindrocladium parvum (Brown et al., 
2013). However Cylindrocladium and Cylindrocladiella are valid genera that contain species 
with synonyms in other nectriaceous genera (Crous, 2002). Species classification aided by 
molecular phylogenetic analyses of DNA sequences provides a stable taxonomy for the 
nectriaceous fungi. 
 
Molecular phylogenetic analyses in more recent studies have established that cylindrocarpon-
like fungi, classified in early literature as species of Neonectria and Ilyonectria (Chaverri et 
al., 2011), belong to four closely related genera, Neonectria, Ilyonectria, Cylindrodendrum and 
Dactylonectria that have similar cylindrocarpon-like asexual morphs (Lombard et al., 2014, 
2015) and their nomenclature has been subject to constant change as progressive phylogenetic 
studies have further updated and distinguished the genera. For instance, the name Neonectria 
liriodendri took precedence over its asexual morph, Cylindrocarpon liriodendri (Groenewald 
et al., 2006, Weckert et al., 2007), but was later re-classified as Ilyonectria liriodendri, a related 
neonectria-like fungus in a clade sister to Neonectria (Chaverri et al., 2011). In another 
example, Cylindrocarpon destructans was initially thought to be the asexual morph of 
Neonectria radicicola (Halleen et al., 2004, Zilberstein et al., 2007). However Cylindrocarpon 
destructans was later shown to be an asexual morph of Ilyonectria radicicola (Chaverri et al., 
2011). The current name for this species is Ilyonectria destructans (Lombard et al., 2015).  
 
It is important to interpret the plant pathology literature with caution when considering the 
names of nectriaceous fungi. Rossman et al. (2013) provided taxonomic stability by proposing 
the conservation of some names in the Nectriaceae, namely, Calonectria takes priority over 
Cylindrocladium; Cylindrocladiella over Nectricladiella; Gliocladiopsis over Glionectria; and 
Neonectria over Cylindrocarpon (Rossman et al., 2013). The names of species used in this 
thesis follow the most recent taxonomic literature, which incorporates the one fungus – one 
name principle. The accepted generic names of the nectriaceous fungi most frequently 
identified in this study were Calonectria, Ilyonectria, Dactylonectria, Cylindrocladiella, 
Gliocladiopsis and Mariannaea. 
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2.2.5 Molecular phylogenetic analysis 
 
DNA sequence comparisons and associated phylogenetic analyses have had a significant 
impact on taxonomy of species in the Nectriaceae through the discovery of cryptic species 
(Lombard et al., 2010b, 2015). Molecular phylogenetic analyses require comparison of 
nucleotide sequences. The general procedures are (i) isolation of fungi from the substrate and 
growth of a pure culture in nutrient media; (ii) extraction of DNA from mycelia followed by 
PCR amplification of chosen gene loci; (iii) sequencing of gene loci from PCR products; (iv) 
and phylogenetic analyses using multiple sequence alignments of single or concatenated 
sequences. 
  
The PCR method amplifies conserved target gene regions (Gardes & Bruns, 1993, White et al., 
1990), which may then be sequenced. The target gene regions contain nucleotide sequences 
unique to certain species and can act as DNA barcodes for species identity (Crous et al., 2015, 
Gardes & Bruns, 1993, White et al., 1990). Combined gene loci can provide an accurate 
resolution of species identification in phylogenetic analyses (Lombard et al., 2015). The 
internal transcribed spacer region and intervening 5.8S nrRNA (ITS) is the barcode gene for 
identifying fungi (Crous et al., 2015). The gene regions that have been used for identifying 
nectriaceous fungi are the large subunit of the ATP citrate lyase (acl1), α-actin (act), 
calmodulin (cmdA), histone H3 (his3), the internal transcribed spacer region and intervening 
5.8S nrRNA (ITS), the 28S large subunit (LSU), RNA polymerase II largest subunit (rpb1), 
RNA polymerase II second largest subunit (rpb1), translation elongation factor 1-alpha (tef1), 
β-tubulin (tub2) (Lombard et al., 2010a, 2015).  
 
The small subunit RNA gene (SSU), internal transcribed spacer (ITS) region and large subunit 
RNA gene (LSU) are domains that make up the tandem repeat units in the nuclear ribosomal 
RNA (rRNA) gene complex (Fig. 1) (Cullings & Vogler, 1998). The ITS is a non-coding (non-
functional) region of RNA situated between structural ribosomal RNAs: the highly conserved 
small subunit (SSU, 18S ribosomal RNA gene); 5.8S; and the large subunit (LSU, 28S 
ribosomal RNA gene) (Fig. 2) (Gardes & Bruns, 1993). ITS is a useful target region for 
molecular identification of fungal species because the region size is between 600–800 base 
pairs, ideal for PCR thermal cycling conditions, and results in a high copy number (Gardes & 
Bruns, 1993); it can be readily amplified with universal primers (such as ITS 1, ITS-F, ITS2, 
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ITS4 and ITS5) (Gardes & Bruns, 1993, White et al., 1990); and the ITS sequence is highly 
variable for morphologically distinct fungal genera, allowing identification from characteristic 
sequences, often to the species level (Gardes & Bruns, 1993, White et al., 1990).  
   
Fig. 2 – Simplified diagram of the nuclear ribosomal repeat, reproduced from White et al. (1990). 
 
ITS regions can be amplified for a broad range of organisms not limited to fungi (Gardes & 
Bruns, 1993) and the characteristic sequences separating known species may not distinguish 
cryptic species within the same genus (Blouin, 2002). That is, relying on a single gene region 
may risk misidentifying potentially different species as the same species; a single gene locus 
may not provide enough unique characters to differentiate cryptic taxa. This has been the case 
in the past where ITS flanking sequences of the 5.8S rRNA gene provided few variable 
sequence characters to separate Calonectria species (as Cylindrocladium) (Crous et al., 1999, 
Schoch et al., 1999, Schoch et al., 2001). Multi-locus sequencing of genes that are not linked 
to each other reduces this uncertainty (Schoch et al., 2001); sequence variability increases, 
effectively improving the resolution of phylogenetic trees increasing the likelihood of 
separating cryptic species (Lombard et al., 2010a).  
 
Contemporary taxonomic studies for Calonectria have incorporated the (partial) β-tubulin 
(tub2) and histone H3 (his3) genes to reduce the uncertainty attached to phylogenetic analysis 
with a single locus (Kang et al., 2001, Lombard et al., 2010a, Schoch et al., 2001). The 
phylogeny for species of Calonectria obtained from the 5’ end sequence of the tub2 gene was 
in concordance (homologous) with that obtained from the 5.8S gene ITS flanking sequences 
(Crous et al., 1999, Schoch et al., 2001). New Calonectria species were identified using the 
partial tub2 gene, but not with ITS alone (Crous et al., 1999). Combining the two loci produced 
a statistically well-supported phylogenetic tree (Crous et al., 1999).  
 
A taxonomic revision of Calonectria utilized seven gene regions (included in the list above) to 
construct a comprehensive multigene phylogeny resulting in 13 phylogenetic groups and the 
recognition of seven new species (Lombard et al., 2010a). Subsequently ITS, tub2 and his3 
gene regions have been widely used in taxonomic studies on Calonectria, Ilyonectria, 
SSU LSU 
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Cylindrocladiella and Gliocladiopsis (Aiello et al., 2014a, Cabral et al., 2012, Crous et al., 
2004, Dann et al., 2012, Lechat et al., 2010, Lombard & Crous, 2012, Lombard et al., 2012, 
Pathrose et al., 2013). The ITS, β-tubulin and histone H3 gene loci were chosen for examination 
in this taxonomic study.  
 
2.2.6 Bioinformatics tools for species identification 
 
Sequences can be compared by a Basic Local Alignment Search Tool (BLAST), which is a 
search engine available from the National Centre for Biotechnology Information (NCBI) 
website (http://www.ncbi.nlm.nih.gov/). The BLAST aligns the gene sequence of interest with 
publically available gene sequences from other researchers who have uploaded their sequences 
to GenBank (a sequence database in the NCBI website). This enables the tentative 
identification of taxa of interest based on sequence similarity (identity). This is a useful tool 
for an approximate species identification, but risks misidentification if the uploaded sequences 
have been linked to incorrect names (misidentification) or the scientific names have been 
recently changed. BLAST results are far more reliable if the comparison is made against 
sequences from type specimens. In this study, BLAST was used to help identify the genus of 
the isolate and phylogenetic analysis was used for more accurate species identification. 
 
Phylogenetic trees and methods of phylogenetic analysis 
 
Phylogenetic trees are constructed from multiple sequence alignments of the data set which 
typically contains the sequences of interest and sequences from type species downloaded from 
GenBank (Baldauf, 2003). There are two types of statistical methods for constructing a 
phylogenetic tree – distance-matrix methods or discrete data methods (Baldauf, 2003). 
  
Distance is a single statistic, that is the approximate percent sequence difference calculated for 
all pairwise combinations of operational taxonomic units; and the distances are assembled into 
a tree (Baldauf, 2003). Distance methods produce a tree with defined branch lengths where the 
sequences are the same distance from the last common ancestor (UPGMA and neighbour-
joining method), and makes the assumption that the sequences evolved at an equal rate 
(UPGMA method) (Baldauf, 2003, Zvelebil & Baum, 2008). Distance methods are minimum 
models of evolution (Baldauf, 2003). The neighbour-joining method assumes that a suitable 
tree will be one with the least amount of evolution (Zvelebil & Baum, 2008). Similar to 
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neighbour-joining, the maximum parsimony method assumes the minimum number of 
sequence mutations required to construct the phylogeny (Kolaczkowski & Thornton, 2004, 
Zvelebil & Baum, 2008). However maximum parsimony is not a model of evolution 
(Kolaczkowski & Thornton, 2004).  
 
Discrete data methods scan the individual columns in the sequence alignments for nucleotide 
changes and finds the tree that best accommodates the data (Baldauf, 2003, Wiley & 
Lieberman, 2011). The maximum likelihood method assumes a given model of evolution 
(Zvelebil & Baum, 2008) that is used to calculate the probabilities of generated tree topologies 
from the data (Wiley & Lieberman, 2011), and returns the phylogenetic tree with the greatest 
likelihood of producing the tree topology and the branch lengths between the nodes of the tree 
(Wiley & Lieberman, 2011, Zvelebil & Baum, 2008). The most likely tree topology is an 
appropriate hypothesis of the evolutionary history of the data set (Baldauf, 2003, Zvelebil & 
Baum, 2008) and generated bootstrap support values of 70% or greater within the tree represent 
statistical significance. Bayesian inference takes this statistical method further by including the 
probabilities of the individual relationships within the tree (Zvelebil & Baum, 2008). Bayesian 
inference produces the final tree from large-scale sampling of many trees generated from a 
range of parameters (Huelsenbeck & Ronquist, 2001). The phylogenetic support values, 
posterior probabilities, of 0.95 or greater within the tree represent statistical significance. 
Bayesian inference can complement the tree generated by maximum likelihood as strong 
posterior support values can be generated for branches that may be less supported when 
produced by the latter method (Yang & Rannala, 2005). Discrete methods are models of 
evolution since multiple gene loci can be concatenated and partitioned in the analysis to 
account for different rates of evolution among loci (Huelsenbeck & Ronquist, 2001), e.g. ITS 
evolves relatively quickly while SSU and LSU evolve relatively slowly (Cullings & Vogler, 
1998).  
 
Distance, parsimony and discrete methods are all valid methods of phylogenetic analysis and 
each have advantages and disadvantages. The advantage of distance methods over discrete 
methods is that it is faster to generate a phylogenetic tree than computationally demanding 
discrete methods; however the disadvantage is that it provides little evolutionary information 
other than the tree (Baldauf, 2003, Zvelebil & Baum, 2008). Parsimony and Bayesian inference 
can use non-sequence data to generate a tree while maximum likelihood cannot (Zvelebil & 
Baum, 2008). Although both distance and discrete models can produce similar tree topologies 
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from a given dataset, discrete methods such as maximum likelihood and Bayesian inference 
provide stronger statistical support (Zvelebil & Baum, 2008). The methods of phylogenetic 
analyses used in this study were maximum likelihood and Bayesian inference. 
 
2.2.7 Research questions and aims 
 
This experimental investigation addressed the research questions: 
“Which genera and species in the Nectriaceae are associated with black root rot disease of 
avocado trees in Australia and what are their phylogenetic relationships? Where are 
nectriaceous isolates from other hosts placed in the phylogeny?” 
 
The investigation aimed to: 
1. Isolate nectriaceous fungi from avocado roots of diseased and healthy trees, nursery 
trees, young orchard transplants and mature established orchard trees from nurseries 
and orchards in avocado-growing regions of Australia (QLD, NSW, WA, VIC, SA). 
2. Collect nectriaceous isolates from other host plant species, including members of the 
Lauraceae.  
3. Identify the genus and species of each isolate by morphology, gene sequencing and 
molecular phylogenetic analyses. 
 
2.3 Materials and Methods 
 
2.3.1 Isolation of nectriaceous fungi from hosts 
 
Nectriaceous fungal isolates were collected from the roots of avocado from nurseries and 
orchards in Queensland, New South Wales, Victoria, South Australia and Western Australia. 
The types of hosts in which the fungi were isolated included young nursery trees, young 
orchard transplants, established diseased and healthy orchard trees (Appendix Table A1). 
Nectriaceous fungal isolates from Norfolk Island were also collected from symptomatic roots 
of avocado and papaya trees by researchers of the Queensland Plant Pathology Herbarium. The 
Norfolk Island fungal cultures growing on half-strength potato dextrose agar amended with 
200 ppm streptomycin (sPDA) were stored in a quarantine containment facility under permit 
and the DNA was extracted from 7-day old cultures and included in the phylogeny study. Some 
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fungal isolates were collected from other sources including nursery plants avocado, custard 
apple, Heliconia and Elaeocarpus from Grow Help Australia; from field or horticultural crops 
including peanut and papaya from the Centre for Wet Tropics Agriculture (CWTA), and from 
blueberry and tea tree provided by the New South Wales Department of Primary Industries 
(NSW DPI). Several isolates were from cultures held in an inactive metabolic state at -80°C in 
the Queensland Plant Pathology Herbarium.   
 
The isolate collection is summarised in Table 1 (below), with detailed information on the 
isolates tabulated in Appendix Table A1. 
 
Table 1. Nectriaceous fungal isolate collection.  
Louisa's 
Accession 
No. 
Herbarium 
Accession 
(BRIP) no. 
Fungal Isolate Host Locality 
LP001 54018 a Calonectria ilicicola Persea americana QLD 
LP002 60979 Dactylonectria macrodidyma Persea americana Hampton, QLD 
LP003 60980 Ilyonectria sp.  Persea americana Duranbah, NSW 
LP004 60981 Calonectria sp.  Vaccinium sp. (Cyanocoucus) NSW 
LP005 60982 Calonectria ilicicola Persea americana Childers, QLD 
LP006 60983 Gliocladiopsis peggii Persea americana Woombye, QLD 
LP007 54019 Gliocladiopsis sp. Persea americana QLD 
LP008 60984 Gliocladiopsis forsbergii  Grevillea sp. Burbank, QLD 
LP009 60985 Dactylonectria anthuriicola  Persea americana Hampton, QLD 
LP010 60986 
Cylindrocladiella 
pseudoinfestans 
Persea americana Woombye, QLD 
LP011 60987 Gliocladiopsis sp. Persea americana Walkamin, QLD 
LP012 60988 Gliocladiopsis peggii Persea americana Walkamin, QLD 
LP013 60989 Ilyonectria sp.  Persea americana Duranbah, NSW 
LP014 60990 Gliocladiopsis sp.  Persea americana Woombye, QLD 
LP015 61089 Dactylonectria pauciseptata Persea americana Mareeba, QLD 
LP016 60992 Calonectria ilicicola Carica papaya South Johnstone, QLD 
LP017 61291 Calonectria ilicicola Annona reticulata Woombye, QLD 
LP018 61292 Cylindrocladiella sp. Cinnamomum camphora Alstonville, NSW 
LP019-1 61294 a Dactylonectria macrodidyma Persea americana Alstonville, NSW 
LP019-2 61294 b Dactylonectria macrodidyma Persea americana Alstonville, NSW 
LP020-4 61295 d Dactylonectria pauciseptata Persea americana Alstonville, NSW 
LP021-1 61427 a Dactylonectria macrodidyma Persea americana Alstonville, NSW 
LP022-2 61428 b Dactylonectria pauciseptata Persea americana Nimbin, NSW 
LP022-3 61428 c Dactylonectria pauciseptata Persea americana Nimbin, NSW 
LP022-4 61428 d Dactylonectria pauciseptata Persea americana Nimbin, NSW 
LP023-1 61349 a Gliocladiopsis forsbergii Persea americana Mullumbimby, NSW 
LP023-4 61349 d Ilyonectria sp.  Persea americana Mullumbimby, NSW 
LP023-5 61349 e Dactylonectria macrodidyma Persea americana Mullumbimby, NSW 
LP023-6 61349 f Dactylonectria macrodidyma Persea americana Mullumbimby, NSW 
LP024 61293 Ilyonectria sp.  Persea americana Duranbah, NSW 
LP025-2 61429 b Dactylonectria anthuriicola Persea americana Duranbah, NSW 
LP026 61430 Gliocladiopsis whileyi Persea americana Duranbah, NSW 
LP027-3 61431 c Dactylonectria macrodidyma Persea americana Green Pigeon, NSW 
LP028 60388 Calonectria ilicicola Arachis hypogaea Atherton, QLD 
LP029 60389 Calonectria ilicicola Arachis hypogaea Tolga, QLD 
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LP030 60397 Calonectria ilicicola Arachis hypogaea Kairi, QLD 
LP031-2 61432 b Ilyonectria sp.  Cinnamomum camphora Moggill, QLD 
LP031-3 61432 c Dactylonectria pauciseptata  Cinnamomum camphora Moggill, QLD 
LP032-1 61433 a Dactylonectria pauciseptata  Endiandra sp. Moggill, QLD 
LP033-1 61434 a Dactylonectria macrodidyma Cryptocarya sp. Moggill, QLD 
LP034-2 61435 b Ilyonectria sp.  Persea americana Childers, QLD 
LP034-3 61435 c Ilyonectria sp.  Persea americana Childers, QLD 
LP035-1 61436 a Dactylonectria macrodidyma Persea americana Childers, QLD 
LP035-3 61436 c Dactylonectria pauciseptata  Persea americana Childers, QLD 
LP036-2 61437 b Dactylonectria anthuriicola Persea americana Childers, QLD 
LP037-2 60907 b Dactylonectria macrodidyma Persea americana Childers, QLD 
LP038-1 60991 a Dactylonectria pauciseptata Persea americana Mt Binga, QLD 
LP039-2 61438 b Ilyonectria sp.  Persea americana Mt Binga, QLD 
LP040-1 61090 a Ilyonectria sp.  Persea americana Beechmont, QLD 
LP040-3 61090 c Dactylonectria macrodidyma Persea americana Beechmont, QLD 
LP040-6 61090 f Dactylonectria macrodidyma Persea americana Beechmont, QLD 
LP041-2 61263 f Dactylonectria vitis  Carica papaya Norfolk Island 
LP041-4 61263 e Dactylonectria vitis Carica papaya Norfolk Island 
LP041-5 61263 g Dactylonectria vitis Carica papaya Norfolk Island 
LP041-6 61263 h Dactylonectria vitis  Carica papaya Norfolk Island 
LP041-7 61263 i Dactylonectria vitis  Carica papaya Norfolk Island 
LP042 61259 c Dactylonectria macrodidyma Persea americana Norfolk Island 
LP043 61260 c Dactylonectria macrodidyma Persea americana Norfolk Island 
LP044-1 61352 c Dactylonectria sp. Persea americana Norfolk Island 
LP044-2 61352 f Ilyonectria sp. Persea americana Norfolk Island 
LP045 61354 c Dactylonectria sp. Persea americana Norfolk Island 
LP046-1 61194 a Ilyonectria sp.  Persea americana Comboyne, NSW 
LP046-2 61194 b Ilyonectria sp.  Persea americana Comboyne, NSW 
LP046-3 61194 c Ilyonectria sp.  Persea americana Comboyne, NSW 
LP047-2 61195 b Dactylonectria vitis  Persea americana Comboyne, NSW 
LP047-4 61195 d Dactylonectria macrodidyma Persea americana Comboyne, NSW 
LP048-3 61192 c Mariannaea sp.  Persea americana Comboyne, NSW 
LP048-6 61192 f Mariannaea sp.  Persea americana Comboyne, NSW 
LP049-1 61193 a Ilyonectria sp.  Persea americana Comboyne, NSW 
LP049-2 61193 b Ilyonectria sp.  Persea americana Comboyne, NSW 
LP050 61448 Calonectria sp.  Melaleuca alternifolia Narellan, NSW 
LP052-1 61306 a Dactylonectria macrodidyma Persea americana Bellthorpe, QLD 
LP052-2 61306 b Dactylonectria anthuriicola Persea americana Bellthorpe, QLD 
LP053-3 61439 c Ilyonectria sp.  Persea americana Bellthorpe, QLD 
LP054-4 61303 d Ilyonectria sp.  Persea americana Bellthorpe, QLD 
LP055-1 61440 a Dactylonectria macrodidyma Persea americana Pemberton, WA  
LP056 61441 Ilyonectria sp.  Persea americana Pemberton, WA  
LP057 61442 Dactylonectria macrodidyma Persea americana Manjimup, WA  
LP058 61443 Ilyonectria sp.  Persea americana Manjimup, WA  
LP059-1 61444 a Dactylonectria macrodidyma Persea americana Capel, WA  
LP060-1 61446 a Ilyonectria sp.  Persea americana WA 
LP060-2 61446 b Gliocladiopsis sp. Persea americana WA 
LP061 54020 a Ilyonectria sp.  Persea americana QLD 
LP062 15920 a Calonectria sp.  Annona squamosa Eumundi, QLD 
LP063 16747 a Calonectria sp.  Arachis pintoi Eumundi, QLD 
LP064 52550 a Dactylonectria pauciseptata  Persea americana Woombye, QLD 
LP065 53498 a Ilyonectria sp.  Vitis vinifera  Hunter Valley, NSW 
LP066 53933 a Calonectria ilicicola Carica papaya South Johnstone, QLD 
LP067 55531 a Calonectria ilicicola Persea americana Evelyn, QLD 
LP068 55532 a Ilyonectria sp.  Persea americana Evelyn, QLD 
LP069 53652 a Ilyonectria sp.  Persea americana QLD 
LP070 53653 a Calonectria ilicicola Persea americana QLD 
LP071 53654 Gliocladiopsis peggii  Persea americana QLD 
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LP072-1 62000 a Dactylonectria zovozelandica Persea americana Gol Gol, NSW 
LP072-2 62000 b Dactylonectria macrodidyma Persea americana Gol Gol, NSW 
LP072-3 62000 c Dactylonectria zovozelandica Persea americana Gol Gol, NSW 
LP072-4a 62000 d Dactylonectria zovozelandica Persea americana Gol Gol, NSW 
LP072-4b 62000 g Dactylonectria macrodidyma Persea americana Gol Gol, NSW 
LP072-5 62000 e Ilyonectria sp.  Persea americana Gol Gol, NSW 
LP072-6 62000 f Ilyonectria sp.  Persea americana Gol Gol, NSW 
LP073-2a 62001 a Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP073-2b 62001 b Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP074-1 62002 a Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP074-2 62002 b Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP074-10a 62002 c Ilyonectria sp.  Persea americana Robinvale, VIC 
LP074-10b 62002 d Ilyonectria sp.  Persea americana Robinvale, VIC 
LP074-10c 62002 e Ilyonectria sp.  Persea americana Robinvale, VIC 
LP074-10d 62002 f Ilyonectria sp.  Persea americana Robinvale, VIC 
LP075-1 61546 a Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP075-2 61546 b Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP075-3 61546 c Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP075-4 61546 d Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP075-5 61546 e Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP075-6 61546 f Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP075-7 61546 g Ilyonectria sp.  Persea americana Robinvale, VIC 
LP075-8 61546 h Ilyonectria sp.  Persea americana Robinvale, VIC 
LP075-9 61546 i Ilyonectria sp.  Persea americana Robinvale, VIC 
LP075-10 61546 j Ilyonectria sp.  Persea americana Robinvale, VIC 
LP075-11 61546 k Dactylonectria macrodidyma Persea americana Robinvale, VIC 
LP076-1 62003 a Gliocladiopsis peggii Persea americana Hampton, QLD 
LP077-2 62004 b Ilyonectria sp.  Persea americana Robinvale, VIC 
LP078-1 62005 a Dactylonectria macrodidyma Persea americana Waikerie, SA 
LP078-3 62005 c Dactylonectria macrodidyma Persea americana Waikerie, SA 
LP081-1 62007 a Dactylonectria sp.  Persea americana Hampton, QLD 
LP082-1 62008 a Gliocladiopsis peggii  Persea americana Hampton, QLD 
LP083-1 62843 a Gliocladiopsis peggii  Persea americana Hampton, QLD 
LP084-1 62844 a Gliocladiopsis peggii  Persea americana Sunshine Coast, QLD  
LP084-3 62844 c Gliocladiopsis peggii  Persea americana Sunshine Coast, QLD 
LP085-1 62845 a Gliocladiopsis peggii  Persea americana Duranbah, NSW 
LP085-2 62845 b Gliocladiopsis sp.  Persea americana Duranbah, NSW 
LP085-3 62845 c Gliocladiopsis sp.  Persea americana Duranbah, NSW 
LP085-4 62845 d Gliocladiopsis sp.  Persea americana Duranbah, NSW 
LP085-5 62845 e Gliocladiopsis peggii Persea americana Duranbah, NSW 
LP086-1 63705 a Ilyonectria sp.  Persea americana Duranbah, NSW 
LP088-1 63707 a Dactylonectria sp.  Persea americana Busselton, WA 
LP088-2 63707 b Ilyonectria sp.  Persea americana Busselton, WA 
LP089-2 63708 b Dactylonectria vitis Elaeocarpus eumundii  New Farm, QLD  
LP090-1 63709 a Gliocladiopsis sp.  Persea americana Woombye, QLD 
LP090-2 63709 b Gliocladiopsis sp.   Persea americana Woombye, QLD 
LP090-3 63709 c Gliocladiopsis peggii Persea americana Woombye, QLD 
LP090-4 63709 d Gliocladiopsis peggii Persea americana Woombye, QLD 
LP091-1 63710 a Gliocladiopsis peggii Persea americana Woombye, QLD 
LP091-3 63710 c Gliocladiopsis sp.  Persea americana Woombye, QLD 
LP092-2 63711 b Dactylonectria pauciseptata  Persea americana Waikerie, SA 
LP092-3 63711 c Gliocladiopsis sp.  Persea americana Waikerie, SA 
LP092-4 63711 d Gliocladiopsis peggii Persea americana Waikerie, SA 
LP092-5 63711 e Mariannaea humicola Persea americana Waikerie, SA 
LP092-6 63711 f Ilyonectria sp.  Persea americana Waikerie, SA 
LP092-7 63711 g Ilyonectria sp.  Persea americana Waikerie, SA 
LP093 63712 Calonectria sp.  Heliconia bihai x H. caribaea  Eumundi, QLD 
LP094 63713 Dactylonectria pauciseptata Persea americana Duranbah, NSW 
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LP095-1 63714 a Ilyonectria sp.  Persea americana Duranbah, NSW 
LP095-2 63714 b Ilyonectria sp.  Persea americana Duranbah, NSW 
 
Roots were washed under running tap water for approximately 2 hours to rinse off fungicide 
residue or bacterial contaminants on the root surface. Selected roots were surface sterilized 
with 50% ethanol, then washed twice with sterile deionised water (sd water) and blotted dry 
with autoclaved filter paper. Roots with lesions and necrosis (Fig. 3) were cross-sectioned, at 
approximately 0.5 cm in length, and embedded in half-strength potato dextrose agar media 
amended with 200 ppm streptomycin (sPDA), with up to 5 root pieces per sPDA plate. The 
cultures were grown at room temperature, under black light for 4–5 days. The primary cultures 
were inspected for mycelial growth. Colony characteristics, such as mycelia colour, texture and 
growth pattern, and presence of droplets of perithecia, were used for selecting candidate 
cultures. Fungal morphologies were examined with light microscopy and conidial shape and 
size were used for selecting candidate genera. Candidate fungi were subcultured on to sPDA 
plates and grown at room temperature under black light for 7–10 days. This method isolated 
nectriaceous fungi only and the frequency of other soilborne fungi present was not recorded. 
Although outside of the study’s scope, this may have been useful for understanding the 
diversity of soilborne fungi and potential secondary pathogens associated with avocado roots.  
 
Pure cultures were obtained from single germinated conidia. Plates were drenched in 1 ml sd 
water and the conidia dislodged into suspension by gentle scraping with a transfer loop. The 
16-streak method was carried out with the transfer loop, streaking the fungal conidia onto water 
agar (WA plates) for each isolate. The WA plates were incubated at room temperature under 
black light for <24 hours to germinate the spores. Single germinated conidia were viewed in 
culture under a light microscope, excised with a scalpel and then transferred to sPDA. Pure 
cultures were grown at room temperature, under black light for 7–10 days and then stored as 
mycelium in inactive state in 15% v/v glycerol at -80°C and lodged in the Queensland Plant 
Pathology Herbarium (BRIP) and also stored in vials containing sterile water for use in 
pathogenicity and morphological studies.  
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Fig. 3 – Necrotic avocado roots showing black root rot disease symptoms; brown to black sunken lesions 
throughout the roots, which coalesce to rot the entire root. 
 
2.3.2 DNA extraction, PCR, amplification of gene loci and gene sequencing 
 
DNA was extracted from fungal mycelia from cultures grown on sPDA for 7–10 days using 
the Promega Wizard® genomic DNA purification kit (Promega, 2010). Modifications to the 
protocol were that 50–100 mg of hyphae was ground in 600 µl Nuclei Lysis Solution by tissue 
lysis (Tissue Lyser, Qiagen, Doncaster, VIC) at 30 shakes per second for 3–6 minutes or by 
hand with a microfuge tube pestle, and then incubated at 65°C for 15 minutes; and the purified 
DNA was rehydrated with sd water instead of DNA rehydration solution (Promega, 2010). The 
DNA concentration of each isolate were measured with the BioDrop® spectrophotometer 
(Dhanoya, 2012) and diluted to working solutions of 50 ng/µl.  
 
The ITS, β-tubulin and Histone H3 gene loci for each isolate were amplified in PCR with 
Invitrogen Taq® PCR reagents following the list of master mix reagents in Table 2 and thermal 
cycling conditions in Table 3. The PCR primer sequences for gene amplification are listed 
below:  
 
Internal Transcribed Spacer (ITS) region (~600 bp)  
Forward primer: ITS5 (5’-GGAAGTAAAAGTCGTAACAAGG-3’)  
Reverse primer: ITS4 (5’-TCCTCCGCTTATTGATATGC-3’)  
(White et al., 1990) 
 
Partial β-tubulin gene (~600 bp) 
Forward primer: T1 (5’-AACATGCGTGAGATTGTAAGT-3’) (O'Donnell and Cigelnik, 1997) 
Reverse primer: CYLTUB1R (5’-AGTTGTCGGGACGGAAGAG-3’) (Crous et al., 2004) 
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Partial Histone H3 gene (~500bp) 
Forward primer: CYLH3F (5’-AGGTCCACTGGTGGCAAG-3’) 
Reverse primer: CYLH3R (5’-AGCTGGATGTCCTTGGACTG-3’) 
(Crous et al., 2004) 
 
Table 2. PCR mastermix of reagents. 
PCR reagent and working 
concentration 
Concentration of 
reagent in master 
mix 
Volume per 
PCR reaction 
(µl) 
Invitrogen® Taq Polymerase (5U/µl) 1 U 0.1 
Forward primer (10 µm) 0.6 µm 1.5 
Reverse primer (10 µm) 0.6 µm 1.5 
DNTPs (2 mM) 0.2 mM per DNTP 2.5 
MgCl2 (25 mM) 1.5 mM 1.5 
10 x PCR buffer 1 x 2.5 
RNAase-free water   13.4 
Volume of master mix per reaction  23.0 
DNA template (50 ng/µl) 0.05 µg 2.0 
Total volume per PCR reaction (µl)  25.0 
 
Table 3. PCR thermal cycling conditions. 
Step Temperature 
Time 
(hrs:mins:secs) 
1. Initial denaturation step 95°C 0:02:00 
2. Denaturation 95°C 0:00:30 
3. Annealing 62°C 0:00:30 
4. Extension 72°C 0:01:00 
5. Go to step 2 for 30 cycles   
6. Final extension 72°C 0:05:00 
7. End 20°C 0:00:30 
 
PCR products underwent agarose gel (1.5% w/v) electrophoresis, in 0.5 x TBE. PCR products 
of 5 µl were mixed with 1 µl of OrangeG loading dye containing intercalating agent Gel RedTM, 
diluted at 1:100, and loaded into the gel wells. Four µl of Gene RulerTM DNA Ladder Mix 
(Fermentas) was loaded into the first well for estimating the DNA size of each PCR product. 
The electrophoresis was run at 120 volts for 60 minutes followed by viewing of DNA bands 
with a UV Transilluminator.   
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Successfully amplified PCR products, of 20 µl, were diluted to 40 µl with RNAse-free water 
and the concentrations of each PCR product was measured with the BioDrop® 
spectrophotometer. PCR products over 10–20 ng/µl were sent to Macrogen Inc. (South Korea) 
for sequencing.  
 
2.3.3 Phylogenetic analyses 
 
Processing of sequences, sequence assembly, alignments and phylogenetic analyses were 
conducted in Geneious version 7.1.9 (Biomatters Ltd) (Kearse et al., 2012). Sequence data from 
type species of representative genera in the Nectriaceae were downloaded from GenBank 
(NCBI; http://www.ncbi.nlm.nih.gov/) and included in the phylogenetic analysis to acquire a 
better resolution for the identities and phylogeny of the isolates.  
 
Forward and reverse gene sequences were edited in Geneious and a consensus sequence for 
each isolate was generated from a de novo sequence assembly. Consensus sequences of the 
assemblies were appropriately edited and approximate genus identities were determined using 
BLAST (NCBI; http://www.ncbi.nlm.nih.gov/). The consensus sequences were arranged in a 
multiple alignment with the Geneious plugin, MAFFT (Katoh & Standley, 2013) and the 
alignments for each gene were cured in Gblocks (www.phylogeny.fr) to remove ambiguous 
regions and poorly aligned positions (Talavera & Castresana, 2007). The cured alignments of 
three gene loci were concatenated in Geneious.  
 
Congruent maximum likelihood (ML) and Bayesian inference (BI) phylogenetic trees of 
partitioned gene loci were generated with an invariable general time reversible (GTR) 
GAMMA model of evolution. ML phylogenetic trees were produced with RAXML v. 7.2.6 
software (Stamatakis, 2006), with a rapid bootstrap analysis and 1000 runs on the distinct 
random starting tree. BI phylogenetic trees were produced with MrBayes v. 3.2.5 software 
(Huelsenbeck & Ronquist, 2001), with the Markov Chain Monte Carlo (MCMC) consisting of 
4 runs, and each run containing 4 chains analysed with 10 million generations. Trees were 
sampled and printed every 1000 generations and the cold chain heating temperature was 0.15. 
Convergence was checked by assessing the overlay plot and the average Potential Scale 
Reduction Factor (PSRF) on all four runs approached one. ML and BI phylogenetic tree 
topologies were viewed in FigTree v. 4.2 (Rambaut, 2007). Statistical significance was 
indicated in ML bootstrap support (BS) values of ≥ 70% or BI posterior probabilities (PP) of ≥ 
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0.95. The BI tree topology was selected for representation of the phylogeny (Figs 4–10) with 
the ML bootstrap and BI posterior probabilities listed at the branches.  
 
The sequence data generated from 153 isolates in this study was compared with the gene 
sequences from all ex-type cultures of Calonectria, Cylindrocladiella, Dactylonectria, 
Gliocladiopsis, Ilyonectria and Mariannaea available on GenBank, with Fusarium 
sambucinum (CBS 146.95) as the outgroup taxon. The isolate collection was analysed to 
produce a phylogenetic tree that allowed the isolates to be identified (Fig. 4). Each genus was 
analysed separately, by incorporating gene sequence data of all representative species available 
on GenBank (Figs 5–10). For each genus of interest being analysed, the type species of a 
closely related genus was chosen as the outgroup taxon (Lombard et al. 2015).  
 
The author wishes to acknowledge and thank Alistair McTaggart (Queensland Department of 
Agriculture and Fisheries) and Wanporn Khemmuk (University of Queensland) for teaching 
to drive the software used in this chapter,  Geneious version 7.1.9, MrBayes v. 3.2.5 and 
FigTree v. 4.2 (Alistair McTaggart) and  RAXML v. 7.2.6 (Wanporn Khemmuk). 
 
2.4 Results 
 
2.4.1 Phylogeny of the nectriaceous fungal collection 
 
A total of 93 plants were sampled, of which 74 were avocado trees from which 129 nectriaceous 
isolates were obtained. Host plants other than avocado provided 24 nectriaceous isolates. 
Within the isolate collection, 36 isolates were collected from nurseries and 47 isolates were 
from orchards; 75 isolates were from young trees (of <5 years), while 7 isolates were from 
mature trees (of >5 years); 86 isolates were from sick trees and 23 isolates were from healthy 
trees; and the remaining isolates had an unknown tree location (or other location), age or health 
(Appendix Table A1). DNA sequences of three gene loci, ITS, β-tubulin (TUB2) and Histone 
H3 (HIS3), of these 153 nectriaceous isolates were analysed by BLAST and Bayesian inference 
(BI) and maximum likelihood (ML) phylogenetic analyses. For all phylogenetic analyses, 
amplicons of approximately 400‒600 bp were obtained for each gene. Congruent tree 
topologies were produced from BI and ML phylogenies based on the concatenated ITS, β-
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tubulin and Histone H3 partial gene sequences. The BI topology was selected for graphical 
representation (Figs 4–10).  
 
In the analysis of the entire isolate collection, the BI and ML phylogenetic analyses (Fig. 4) 
included 159 in-group taxa, consisting of 153 isolates from the current study as well as 
downloaded sequence data of the type species of each genus from GenBank, with Fusarium 
sambucinum (CBS 146.95) as the out-group taxon. The type species included Gliocladiopsis 
sagariensis (CBS 199.55), Cylindrocladiella parva (ATCC 28272), Mariannaea camptospora 
(CBS 209.73), Calonectria pyrochoa (CBS 749.70), Ilyonectria destructans (CBS 264.65) and 
Dactylonectria macrodidyma (CBS 112615). 
 
The combined dataset consisted of 1370 characters, with character set partitions at ITS = 1–
528, TUB2 = 529–988 and HIS3 = 989–1370. The generated congruent phylogenetic trees 
showed the isolates clustered in six generic clades; Gliocladiopsis (clade 1, containing 28 
isolates and the type species for the genus, PP = 0.89, BS = 96), Cylindrocladiella (clade 2, 
containing two isolates and the type species for the genus, PP = 1.0, BS = 100), Mariannaea 
(clade 3, containing three isolates and the type species for the genus, PP = 0.87, BS = 74), 
Calonectria (clade 4, containing 15 isolates and the type species for the genus, PP = 1.0, BS = 
90), Ilyonectria (clade 5, containing 41 isolates and the type species for the genus, PP = 0.97, 
BS = 77) and Dactylonectria (clade 6, containing 64 isolates and the type species for the genus, 
PP = 1.0, BS = 98). Isolates from avocado with black root rot were found in all six genera. 
 
In Gliocladiopsis, 16 isolates were from sick, young nursery trees; 6 isolates were from sick, 
young, orchard trees; 1 isolate was from a mature orchard tree of unknown health; 1 isolate 
was from a sick tree of unknown age or location; and 4 isolates were from trees of unknown 
health, age or location. In Cylindrocladiella, 1 isolate was from a sick, young nursery tree; and 
1 isolate was from a healthy, mature orchard tree. In Mariannaea, 1 isolate was from a sick, 
young orchard tree; and 2 isolates were from healthy trees of unknown age or location. In 
Calonectria, 4 isolates were from sick, young nursery trees; 1 isolate was from a sick tree of 
unknown age or location; and 10 isolates were from trees of unknown health, age or location. 
In Ilyonectria, 6 isolates were from sick, young nursery trees; 1 isolate was from a healthy, 
young nursery tree; 7 isolates were from sick, young orchard trees; 5 isolates were from 
healthy, young orchard trees; 1 isolate was from a sick, mature orchard tree; 1 isolate was from 
a sick orchard tree of unknown age; 7 isolates were from sick trees of unknown age or location; 
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5 isolates were from healthy trees of unknown age or location; and 9 isolates were from trees 
of unknown health, age or location (or from another location). In Dactylonectria, 5 isolates 
were from sick, young nursery trees; 1 isolate was from a healthy, young nursery tree; 20 
isolates were from sick, young orchard trees; 2 isolates were from healthy, young orchard trees; 
3 isolates were from sick, mature orchard trees; 1 isolate was from a healthy, mature orchard 
tree; 6 isolates were from sick trees of unknown age or location; 6 isolates were from healthy 
trees of unknown age or location; and 20 isolates were from trees of unknown health, age or 
location (or from another location). The full list of fungal isolates with the identified species 
and the tree health, age and location are listed in Appendix Table A1.          
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Fig. 4 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of the entire nectriaceous fungal collection and GenBank 
ex-type cultures. Bootstrap support values (bold) and posterior probabilities supporting each clade are shown at 
the nodes. The tree was rooted to Fusarium sambucinum (CBS 146.95). The accession numbers of ex-type cultures 
are shown in bold. The scale bar represents the expected number of nucleotide changes per site. 
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2.4.2 Clade 1: Phylogeny of Gliocladiopsis 
 
The BI and ML phylogenetic analyses (Fig. 5) included 49 in-group taxa, consisting of 28 
fungal isolates from the current study and Gliocladiopsis sequence data downloaded from 
Genbank, with Cylindrocladiella parva (ATCC 28272) as the out-group taxon. The combined 
dataset consisted of 1551 characters, with character set partitions at TUB2 = 1–561, ITS = 562–
1075 and HIS3 = 1076–1551. All of the isolates formed a well-supported clade sister to G. 
mexicana, containing three recently described species, G. forsbergii, G. peggii and G. whileyi 
(Parkinson et al., 2017) (Chapter 3), as well as a number of unresolved taxa in a polytomy (Fig. 
5).  
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Fig. 5 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of Gliocladiopsis. Bootstrap support values (bold) and 
posterior probabilities supporting each clade are shown at the nodes. The tree was rooted to Cylindrocladiella 
parva (ATCC 28272). The accession numbers of ex-type cultures are shown in bold. The scale bar represents 
the expected number of nucleotide changes per site.   
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2.4.3 Clade 2: Phylogeny of Cylindrocladiella 
 
The BI and ML phylogenetic analyses (Fig. 6) included 35 in-group taxa, consisting of two 
isolates from the current study and sequence data of Cylindrocladiella spp. downloaded from 
Genbank. Gliocladiopsis sagariensis (CBS 199.55) was the out-group taxon. The combined 
dataset consisted of 1439 characters, with character set partitions at TUB2 = 1–513, ITS = 514–
993 and HIS3 = 994–1439. The resulting phylogenetic tree revealed one putative new species 
(BRIP 61292, from camphor laurel at Alstonville, NSW) (PP = 0.97, BS = 70). The other isolate 
(BRIP 60986, from a nursery avocado seedling at Woombye, QLD) was identified as Cy. 
pseudoinfestans (PP = 0.95, BS = 52).  
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Fig. 6 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of Cylindrocladiella. Bootstrap support values (bold) and 
posterior probabilities supporting each clade are shown at the nodes. The tree was rooted to Gliocladiopsis 
sagariensis (CBS 199.95). The accession numbers of ex-type cultures are shown in bold. The scale bar 
represents the expected number of nucleotide changes per site.  
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2.4.4 Clade 3: Phylogeny of Mariannaea 
 
The BI and ML phylogenetic analyses (Fig. 7) included 25 in-group taxa, consisting of three  
isolates from the current study and downloaded Mariannaea spp. sequence data from Genbank, 
with Calonectria pyrochoa (CBS 749.70) as the out-group taxon. The combined dataset 
consisted of 1486 characters, with character set partitions at TUB2 = 1–520, ITS = 521–1008 
and HIS3 = 1009–1486. The resulting phylogenetic trees revealed one putative new species 
with two isolates (BRIP 61192c and BRIP 61192f, from a mature avocado tree at Comboyne, 
NSW) in a well-supported clade (PP = 1.0, BS = 99), most closely related to Mariannaea 
superimposita and M. catenulatae. One isolate (BRIP 63711e, from avocado at Waikerie, SA) 
was identified as M. humicola as it was 99% identical in both ITS and TUB2 sequences to the 
type specimen (CBS 740.95) of this clade (PP = 0.91, BS = 55).  
 
The precision of the tree topologies was subject to the availability of sequence data on 
GenBank. Only Calonectria pyrochoa (CBS 749.70), Mariannaea camptospora (CBS 
120801), M. pinicola (CBS 745.88), M. samuelsii (CBS 746.88 and 125515), M. humicola 
(CBS 102628 and 740.95), M. catenulatae (CBS 491.62) and M. punicea (CBS 105.66) had 
sequence data available for all three loci examined. Mariannaea camptospora (CBS 209.73) 
and M. punicea (CBS 239.56) had only ITS and HIS3 data available; while only TUB2 data 
was available for M. superimposita (CBS 124559, 113472 and 101441), M. aquaticola (MFLU 
090225, 090224 and 090223), M. elegans (olrim53, NBRC 102301 and DQ914682.1), M. 
macrochlamydospora (FKI 4735), M. clavispora (CBS 149.87) and M. pruinosa (G97008).  
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Fig. 7 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of Mariannaea. Bootstrap support values (bold) and 
posterior probabilities supporting each clade are shown at the nodes. The tree was rooted to Calonectria 
pyrochoa (CBS 749.70). The accession numbers of ex-type cultures are shown in bold. The scale bar represents 
the expected number of nucleotide changes per site.  
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2.4.5 Clade 4: Phylogeny of Calonectria 
 
The BI and ML phylogenetic analyses (Fig. 8) included 86 in-group taxa, consisting of 15 
isolates from the current study and Calonectria sequences downloaded from GenBank. 
Cylindrocladiella parva (ATCC 28272) was the out-group taxon. The combined dataset 
consisted of 1485 characters, with character set partitions at ITS = 1–545, TUB2 = 546–1040 
and HIS3 = 1041–1485. In the resulting phylogenetic tree, four putative new species of 
Calonectria were identified, with three putative new species in the Calonectria ilicicola species 
complex (Fig. 8).  
 
Several Australian isolates from avocado, custard apple, papaya and peanut, occupied a 
strongly supported clade (PP = 1.0, BS = 100) that contained three well supported putative new 
species.  A phylogenetic relationship between these three putative species and Ca. ilicicola was 
only moderately supported (PP = 0.84, BS = 64) and it is likely that Calonectria ilicicola 
represents a species complex. Two isolates collected from papaya and custard apple in 
Queensland (BRIP 60992 and BRIP 61291, respectively) formed a well-supported clade (PP = 
0.94, BS = 99); and several isolates collected from peanut, papaya and avocado in Queensland 
(BRIP 60389, 60388, 53933, 60982, 60397, 53653a and 54018a) also formed a well-supported 
clade (PP = 1.0, BS = 96). All of the Calonectria ilicicola isolates collected from avocado and 
one isolate from custard apple (BRIP 61291) originated from Woombye in Queensland. 
 
One putative new species from sugar apple (BRIP 15920a) and pinto peanut (BRIP 16747a) in 
Queensland formed a strongly supported clade (PP = 1.0, BS = 99) sister to Ca. colhounii. 
Three putative new species occupied a moderately supported clade (PP = 1.0, BS = 72) sister 
to Ca. pauciramosa.  This clade contained an isolate each from tea tree Melaleuca alternifolia 
(BRIP 61448), blueberry (BRIP 60981) and Heliconia (BRIP 63712).  
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Fig. 8 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of Calonectria. Bootstrap support values (bold) and 
posterior probabilities supporting each clade are shown at the nodes. The tree was rooted to Cylindrocladiella 
parva (ATCC 28272). The accession numbers of ex-type cultures are shown in bold. The scale bar represents 
the expected number of nucleotide changes per site.  
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2.4.6 Clade 5: Phylogeny of Ilyonectria 
 
The BI and ML phylogenetic analyses (Fig. 9) included 62 in-group taxa, consisting of 41 
isolates from the current study and Ilyonectria spp. sequence data downloaded from GenBank, 
with Dactylonectria macrodidyma (CBS 112615) as the out-group taxon. The combined 
dataset consisted of 1567 characters, with character set partitions at TUB2 = 1–545, ITS = 546–
1088 and HIS3 = 1089–1567. The results of the phylogenetic analyses found 5 putative new 
species and a number of unresolved taxa in a clade containing the type of Ilyonectria 
liriodendri. 
 
An isolate (BRIP 61432b) from avocado as well as one (BRIP 61090a) from camphor laurel, 
both from Queensland, formed a subclade (PP = 1.0, BS = 100) in a polytomy containing 
Ilyonectria gamsii and I. liliigena. An isolate (BRIP 61349d) from an avocado seedling with 
black root rot in New South Wales, was sister to I. capensis and I. venezuelensis. Two isolates 
(BRIP 63711f and BRIP 63711g) from symptomatic young orchard avocado transplants in 
South Australia, formed a strongly supported clade (PP = 1.0, BS = 99) sister to I. palmarum 
Thirty six isolates formed a highly supported clade (PP = 0.98, BS = 82) sister to Ilyonectria 
liriodendri. This clade represented a polytomy with one strongly supported subclade (PP = 1.0, 
BS = 100) containing 25 isolates, all from avocado in numerous regions in Australia, which 
may represent a putative new species.  
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Fig. 9 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of Ilyonectria. Bootstrap support values (bold) and 
posterior probabilities supporting each clade are shown at the nodes. The tree was rooted to Dactylonectria 
macrodidyma (CBS 112615). The accession numbers of ex-type cultures are shown in bold. The scale bar 
represents the expected number of nucleotide changes per site.   
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2.4.7 Clade 6: Phylogeny of Dactylonectria 
 
The BI and ML phylogenetic analyses (Fig. 10) included 81 in-group taxa, consisting of 64 
isolates from the current study and Dactylonectria sequence data downloaded from GenBank. 
Ilyonectria destructans (CBS 264.65) was chosen as the out-group taxon. The combined 
dataset consisted of 1512 characters, with character set partitions at TUB2 = 1–551, ITS = 552–
1082 and HIS3 = 1083–1512. The resulting phylogenetic trees revealed some putative new 
species in Dactylonectria. Dactylonectria macrodidyma, D. anthuriicola, D. vitis and D. 
pauciseptata likely represent species complexes containing a total of seven putative new 
species. Further, three isolates were identified as D. novozelandica. 
 
Three isolates collected from diseased nursery avocado trees in Gol Gol, New South Wales 
were identified as Dactylonectria novozelandica (PP = 0.93, BS = 82). Several isolates from 
avocado roots in nursery and orchard plants from around Australia and one isolate from 
Cryptocarya roots were phylogenetically closely related to the ex-type culture of D. 
macrodidyma. Dactylonectria macrodidyma is likely a species complex as it contained at least 
three moderately supported subclades of putative new species (subclade 1 PP = 1.0, BS = 90; 
subclade 2 PP = 0.99, BS = 94; subclade 3 PP = 0.97, BS = 70) as well as some poorly supported 
subclades and polytomies of unresolved taxa. All isolates in D. macrodidyma were from host 
plants in the Lauraceae, with the majority of the isolates in D. macrodidyma from avocado 
trees across all avocado growing regions in Australia including Norfolk Island, and one 
Cryptocarya isolate from Moggill in Queensland. 
 
One putative new species represented by four isolates from avocado occupied a moderately 
supported clade (PP = 0.97, BS = 46) sister to D. anthuriicola.  Another strongly supported 
clade (PP = 0.95, BS = 99) of several isolates from avocado, Elaeocarpus and papaya and the 
ex-type culture of D. vitis also contained a strongly supported subclade (PP = 1.0, BS = 100) 
of putative new species isolated from papaya. Similarly a strongly supported clade (PP = 1.0, 
BS = 83) that contained the ex-type culture of D. pauciseptata also contained a strongly 
supported subclade of putative new species (PP = 1.0, BS = 100) that contained four isolates 
from avocado in Queensland and South Australia. There was also strong support (PP = 1.0, BS 
= 86) for a subclade that contained an isolate from Endiandra sp. and camphor laurel 
(Cinnamomum camphora), which both belong to the Lauraceae.  
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Fig. 10 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of Dactylonectria. Bootstrap support values (bold) and 
posterior probabilities supporting each clade are shown at the nodes. The tree was rooted to Ilyonectria destructans 
(CBS 264.65). The accession numbers of ex-type cultures are shown in bold. Taxa in blue font represent novel 
clades within a species complex. The scale bar represents the expected number of nucleotide changes per site.   
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2.5 Discussion 
 
Isolates (153) of nectriaceous fungi associated with black root rot symptoms on avocado roots, 
were identified in six genera,  viz. Gliocladiopsis, Cylindrocladiella, Mariannaea, Calonectria, 
Ilyonectria and Dactylonectria. The isolates were identified and classified to species level by 
gene sequences of the ITS, β-tubulin and Histone H3 loci, followed by Bayesian inference and 
maximum likelihood phylogenetic analyses. The nectriaceous species found in Australian 
avocado roots included, Cylindrocladiella pseudoinfestans, Mariannaea humicola, 
Calonectria ilicicola, Dactylonectria macrodidyma, D. novozelandica, D. anthuriicola, D. vitis 
and D. pauciseptata. With the exception of Ca. ilicicola, this is the first report of nectriaceous 
species associated with avocado roots in Australia. Moreover, this is the first report of 
Mariannaea spp. in Australia.  
 
A number of isolates were identified as putative novel species within the species complexes, 
Calonectria ilicicola, Dactylonectria macrodidyma, D. anthuriicola, D. vitis, D. pauciseptata 
and Gliocladiopsis peggii. Further comprehensive phylogenetic studies analysing several gene 
loci and comparing the morphology of putative new species and ex-type cultures could further 
resolve cryptic species and species complexes. Therefore these taxa were assigned the names 
of the corresponding species complex and maintained these species names throughout the 
thesis.  
 
The discoveries in this study highlight how little is known about the diversity of fungi on Earth, 
with an estimated 2.4–6 million fungal organisms in existence, and only 100,000 presently 
classified (Crous et al., 2015). On avocado in Australia alone, over 20 new and potentially new 
species across six genera have been identified in the Nectriaceae, including three new species 
in Gliocladiopsis (Parkinson et al., 2017), one in Cylindrocladiella, one in Mariannaea, three 
in Calonectria, five in Ilyonectria and possibly six in Dactylonectria. This study has further 
facilitated the selection of nectriaceous fungi for black root rot pathogenicity studies in avocado 
(Chapter 4). 
 
In this study, more than 50% of the Dactylonectria isolates associated with black root rot of 
avocado, were identified as D. macrodidyma, and a number of isolates were identified as D. 
novozelandica, D. anthuriicola, D. vitis and D. pauciseptata. The geographical diversity of 
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Dactylonectria isolates spanned Eastern and Southern Australia (Queensland, New South 
Wales, Victoria, South Australia) to Western Australia, with hosts including avocado, 
Endiandra, Cryptocarya and Cinnamomum (camphor laurel) in the Lauraceae and also Carica 
(papaya) and Elaeocarpus (blueberry ash). Dactylonectria macrodidyma is a known pathogen 
of avocado, causing black root rot disease in Italy (Vitale et al., 2012). Dactylonectria species 
have been reported in Australia from grapevine (as Ilyonectria spp., Cylindrocarpon 
macrodidymum and Cylindrocarpon pauciseptatum in Whitelaw-Weckert et al., 2013), and 
unpublished records from the Queensland Plant Pathology Herbarium. The genus 
Dactylonectria was previously treated as Ilyonectria (Lombard et al., 2014) with all species in 
Dactylonectria, except D. anthuriicola and D. hordeicola, pathogens of grapevine causing 
black foot disease (Cabral et al., 2012).  
 
The findings of this study supported the separation of Ilyonectria and Dactylonectria as two, 
distinct separate genera (Lombard et al., 2014). This distinction is important as it may help 
throw light on their pathogenicity (Groenewald et al., 2006, Zilberstein et al., 2007). The genus 
Neonectria has been reported as containing important pathogens of avocado (Zilberstein et al., 
2007), however true Neonectria species were not found in this study to be associated with 
avocado. Morphologically it is difficult to distinguish between the genera of cylindrocarpon-
like fungi (Lombard et al., 2014) and in the pre-molecular era, their taxonomy was unstable 
and not reflective of evolution (Crous et al., 2015).  
 
In the current study, preliminary BLAST searches of the ITS sequences of various Ilyonectria 
isolates from avocado, revealed 99–100% identity with the I. liriodendri ex-type culture. With 
phylogenetic analyses of multiple loci, these isolates were found to represent cryptic species 
other than I. liriodendri. Often in plant pathology studies, the use of gene sequence data alone 
with methods such as BLAST have been used to identify species, resulting in potential 
misidentifications, for example Neonectria radiciola on avocados (Zilberstein et al., 2007). 
Single, universal gene regions such as ITS are often identical among cryptic species; and gene 
sequence data of misidentified fungal species may be uploaded to GenBank and returned in 
BLAST. Correct naming is especially important for lodging sequences in GenBank otherwise 
subsequent misidentification of sequenced isolates may occur in a BLAST search.  
 
The findings in this study have contributed towards resolving the taxonomy for these 
nectriaceous fungi. Of the 41 Ilyonectria isolates in the phylogeny study, 39 were collected 
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from avocado, and an entire novel clade contained avocado isolates from a broad Australian 
geographic range (Queensland, New South Wales, Victoria and Western Australia). None of 
the Ilyonectria isolates were found to have identity with current known species. In fact, I. 
liridendri isolates (BRIP 54020a and BRIP 53652a) reported in Dann et al.’s (2012) 
pathogenicity study were classified in subclades closely related to I. liriodendri (Fig. 9). In the 
literature, the genus Ilyonectria has been reported as containing important pathogens of 
grapevine and avocado (Pathrose et al., 2013, Petit & Gubler, 2007, Vitale et al., 2012). 
However, the findings from this study and recent taxonomic nomenclature changes, indicate 
that Ilyonectria species may not be important pathogens of avocado.  
 
In the current study, the genus Gliocladiopsis was represented by several isolates from a broad 
environmental and geographical range in Australia. The taxonomy of Gliocladiopsis species in 
Australia is poorly known. Gliocladiopsis is not a widely studied genus, with only three recent 
studies (Dann et al., 2012, Liu & Cai, 2013, Lombard & Crous, 2012). Parkinson et al. (2017) 
(Chapter 3) classified 19 of the Gliocladiopsis isolates from Chapter 2 into three new species, 
G. peggii, G. whileyi and G. forsbergii. The study indicated that G. peggii was a species 
complex with one or more potentially novel cryptic species, and this was also reflected in the 
current study (Fig. 5). Further phylogeny studies of more gene sequences could resolve the 
species complex and classify more Gliocladiopsis species.    
 
The avocado isolates in Calonectria were collected from diseased nursery trees or young 
orchards transplants. These isolates were identified as Calonetria ilicicola, which is a known 
pathogen that causes black root rot of avocado (Dann et al., 2012). This study helps to provide 
an understanding of how common Ca. ilicicola associated with black root rot disease is in 
Australia, and that the nectriaceous species associated with black root rot appears to belong 
mostly in Dactylonectria, Ilyonectria and Gliocladiopsis.  
 
A number of fungal isolates in Calonectria were collected from alternative hosts including 
peanut, pinto peanut, papaya, custard apple, blueberry, tea tree and heliconia. Interestingly, 
Calonectria ilicicola isolates from peanut, papaya and custard apple formed subclades with 
Ca. ilicicola isolates from avocado (Fig. 8). An unidentified Calonectria sp. was closely related 
to Ca. pauciramosa (Fig. 8), which Lombard et al. (2011) reported as a dominant nursery 
pathogen in Australia. Calonectria is an important genus in the Nectriaceae with many 
Calonectria spp. reported as pathogens of a wide range of hosts worldwide, in about 100 plant 
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families as well as many important agricultural, forestry and horticultural crops (Lombard et 
al., 2010b). Pathogenicity of several Calonectria isolates was examined and reported in 
Chapter 4. 
 
Cylindrocladiella pseudoinfestans was found in avocado roots of a diseased nursery avocado 
tree, although the pathogenicity of this species is not known (Lombard et al., 2012). This isolate 
was selected for pathogenicity experiments on avocado in Chapter 4. Queensland Plant 
Pathology Herbarium records indicated that a Cylindrocladiella parva isolate (BRIP 13522a) 
was associated with dying avocado cv. Wurtz trees in Woombye, Queensland in 1981 and this 
was reported in Dann et al. (2012). However the isolate’s identity could not be confirmed in 
the present study without live culture specimens and DNA sequence data. Moreover, isolates 
of Cy. parva were not found in the present study, and whether or not Cy. parva is actually 
associated with black root rot of avocado cannot be determined from this study. However, in 
general the Cylindrocladiella genus is associated with the disease and perhaps more isolates, 
and potentially species, in this genus could be found in future isolations from diseased avocado 
roots.    
 
It is difficult to conclude the identities of the Mariannaea isolates in this study with confidence 
as the gene sequence data of known species for comparison was not complete. Few studies 
have been done on species in Mariannaea, and of these,  two or fewer gene loci or loci not 
examined in the present study, were used (Cai et al., 2010, Nonaka et al., 2015). Mariannaea 
species are generally known as colonizers of wood, bark, pine needle, nematode cyst, and 
fruiting bodies of basidiomycetes, with some reported from diseased roots and soil (Cai et al., 
2010).  
 
This study demonstrates the importance of incorporating phylogenetic analyses or other 
molecular methods (Crous et al., 2015) with gene sequence data to obtain accurate species 
identities. It is important to identify isolates correctly as this could have implications on 
biosecurity measures, the methods of disease management and control (Lombard et al., 2014) 
as well as an impact on knowledge being shared among scientists and growers. Moreover, this 
study provided an opportunity to further resolve the phylogeny of nectriaceous species in 
Australia and describe cryptic species. In this study, the tree topologies of each genera were 
generally monophyletic clades, however there were some unresolved taxa in paraphyletic 
clades in a number of the genera. Further gene sequencing and phylogenetic analyses of more 
 75 
 
gene loci could help to resolve species complexes, paraphyletic clades, low statistical support 
and any unresolved taxa, paving way for potentially more taxonomic discoveries. 
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Chapter 3: Novel species of Gliocladiopsis (Nectriaceae, Hypocreales, 
Ascomycota) from avocado roots (Persea americana) in Australia 
 
3.1 Abstract 
 
Root rot of avocado (Persea americana) is an important disease in seedling nurseries as well 
as in the field in eastern and southern Australia. During an investigation into the causal 
organisms of avocado root rot, 19 isolates of Gliocladiopsis were obtained from necrotic 
lesions on avocado roots and examined by morphology and comparison of DNA sequences 
from three gene loci (the internal transcribed spacer region of the nuclear rDNA, Histone H3 
and β-tubulin). Three new species of Gliocladiopsis are described as a result of phylogenetic 
analysis of these data. One of the new species, G. peggii, formed a monophyletic group that 
may represent an unresolved species complex as it contained a polytomy that included a well-
supported clade comprising two subclades. Gliocladiopsis peggii is sister to G. mexicana, 
which is known from soil in Mexico. The remaining two new species, G. whileyi and G. 
forsbergii, formed a clade sister to G. curvata, which is known from Ecuador, Indonesia and 
New Zealand. 
  
3.2 Introduction and Literature Review 
 
3.2.1 Taxonomy and pathogenicity studies on Gliocladiopsis 
 
Gliocladiopsis (Hypocreales, Nectriaceae) is a genus of soilborne fungi found mostly in 
tropical and sub-tropical regions of the world (Lombard & Crous, 2012). Crous (2002) regarded 
Gliocladiopsis species as secondary plant pathogens or saprobes. These fungi are often isolated 
from necrotic roots, although their pathogenicity has rarely been tested. Dann et al. (2012) 
showed that an isolate of Gliocladiopsis sp. from necrotic avocado (Persea americana) roots 
in Australia was not pathogenic and actually increased the height of avocado seedlings in two 
of three soil amendment trials. 
 
Species of Gliocladiopsis, based on the type G. sagariensis Saksena (1954), have densely 
penicillate and branched conidiophores that resemble those of Calonectria (syn. 
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Cylindrocladium) and Cylindrocladiella, yet lack the stipe extensions found in these genera 
(Lombard et al., 2015). Species of Gliocladiopsis are difficult to distinguish morphologically 
as the branching structure of conidiophores as well as the size and shape of conidia are similar 
between species (Liu & Cai, 2013). Lombard and Crous (2012) used DNA sequence data to 
infer that Gliocladiopsis was a phylogenetically distinctive genus and further described four 
new species. Currently Gliocladiopsis contains 10 species, namely, G. curvata, G. elghollii, G. 
guangdongensis, G. indonesiensis, G. irregularis, G. mexicana, G. pseudotenuis, G. 
sagariensis, G. sumatrensis and G. tenuis (Liu & Cai, 2013, Lombard & Crous, 2012), none of 
which have been reported in Australia.  
 
3.2.2 Research questions and aims 
 
This investigation addressed the research questions: 
What is the phylogeny of the Australian Gliocladiopsis isolates? Are there any new species of 
Gliocladiopsis in Australia yet to be described? What are the morphological and genetic 
differences between the Australian species? 
 
The investigation aimed to: 
Identify isolates of Gliocladiopsis, with morphology and multigene phylogenetic inference 
from DNA sequence analysis, which had been collected from the necrotic roots of seedlings 
and mature avocado trees in eastern and southern Australia. This study resulted in the 
recognition of three novel species that are formally described here. 
 
3.3 Materials and Methods 
 
3.3.1 Isolates 
 
Nineteen isolates of Gliocladiopsis were obtained from roots of avocado with brown to black, 
sunken necrotic lesions collected from orchards and production nurseries in eastern Australia 
between 2013–2016 (Table 1). Roots were sampled from mature trees in the field as well as 
from young trees in nurseries that displayed symptoms of wilt or chlorosis. The isolates were 
obtained using the method described by Dann et al. (2012). 
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Prior to examination the cultures were grown on plates of half-strength potato dextrose agar 
amended with 200 ppm streptomycin (sPDA) at room temperature, under black light for 4–5 
d. Representative isolates derived from a single germinated conidium were deposited in the 
Queensland Plant Pathology Herbarium (BRIP), Ecosciences Precinct, Dutton Park, Australia. 
Cultures were grown on sPDA for 7 d prior to cultural and molecular examination.
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Table 1.  Details of the cultures of Gliocladiopsis species and the outgroup taxon (Cylindrocladiella parva) used in this study. 
 
Species Culture no. a Origin Substrate Collector 
NCBI GenBank accession no.b, c 
BT HIS3 ITS 
Cylindrocladiella parva ATCC 28272T New Zealand Telopea speciosissima H.J. Boesewinkel AY793486 AY793526 AF220964 
Gliocladiopsis curvata CBS 194.80 Ecuador Persea americana J.P. Laoh JQ666120 JQ666010 JQ666044 
 CBS 112365T New Zealand Archontophoenix purpurea F. Klassen JQ666126 JQ666016 JQ666050 
 CBS 112935 Indonesia Syzygium aromaticum M.J. Wingfield JQ666127 JQ666017 JQ666051 
G. elghollii CBS 206.94 USA Chamaedorea elegans N.E. El-Gholl JQ666130 JQ666020 JQ666054 
 CBS 116104T USA Chamaedorea elegans N.E. El-Gholl JQ666131 JQ666021 JQ666055 
G. forsbergii BRIP 60984 Australia  Grevillea sp. K.G. Pegg KX274036 KX274053 KX274070 
 BRIP 61349aT Australia Persea americana L.E. Parkinson KX274037 KX274054 KX274071 
G. guangdongensis LC 1340T China Submerged wood F. Liu & L. Cai  KC776124 KC776120 KC776122 
 LC 1349 China Submerged wood F. Liu & L. Cai  KC776125 KC776121 KC776123 
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G. indonesiensis  CBS 116090T Indonesia Soil A.C. Alfenas JQ666132 JQ666022 JQ666056 
G. irregularis  CBS 755.97T Indonesia Soil A.C. Alfenas JQ666133 JQ666023 AF220977 
G. mexicana CBS 110938T Mexico Soil M.J. Wingfield JQ666137 JQ666027 JQ666060 
G. peggii BRIP 53654 Australia Persea americana 
E.K. Dann & A.W. 
Cooke 
JN255247 - JN255246 
 BRIP 54019 Australia  Persea americana 
E.K. Dann & A.W. 
Cooke 
JN243766 JN243767 JN243765 
 BRIP 60983T Australia Persea americana K.G. Pegg KX274038 KX274065 KX274083 
 BRIP 60987 Australia Persea americana K.G. Pegg KX274040 
KX274062 
 
KX274074 
 BRIP 60988 Australia Persea americana K.G. Pegg KX274043 KX274063 KX274082 
 BRIP 60990 Australia Persea americana A.G. Manners KX274044 KX274055 KX274077 
 BRIP 62845a Australia Persea americana L.E. Parkinson KX274039 KX274067 KX274076 
 BRIP 62845b Australia Persea americana L.E. Parkinson KX274050 KX274058 KX274072 
 BRIP 62845d Australia Persea americana L.E. Parkinson KX274047 KX274061 KX274079 
 BRIP 63709a Australia Persea americana L.E. Parkinson KX274041 KX274057 KX274085 
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 BRIP 63709b Australia Persea americana L.E. Parkinson KX274046 KX274056 KX274073 
 BRIP 63709c Australia Persea americana L.E. Parkinson KX274048 KX274064 KX274081 
 BRIP 63710a Australia Persea americana L.E. Parkinson KX274051 KX274068 KX274084 
 BRIP 63710c Australia Persea americana L.E. Parkinson KX274049 KX274060 KX274080 
 BRIP 63711c Australia Persea americana L.E. Parkinson KX274042 KX274059 KX274078 
 BRIP 63711d Australia Persea americana L.E. Parkinson KX274045 KX274066 KX274075 
G. pseudotenuis CBS 114763 Indonesia Vanilla sp. M.J. Wingfield JQ666139 JQ666029 JQ666062 
 CBS 116074T China Soil  M.J. Wingfield JQ666140 JQ666030 AF220981 
G. sumatrensis CBS 754.97T Indonesia Soil M.J. Wingfield JQ666142 JQ666032 JQ666064 
 CBS 111213 Indonesia Soil  M.J. Wingfield JQ666144 JQ666034 JQ666066 
G. tenuis IMI 68205T Indonesia Indigofera sp. F. Bugnicourt JQ666150 JQ666040 AF220979 
 CBS 111964 Vietnam Coffea sp. P.W. Crous JQ666147 JQ666037 JQ666068 
 CBS 114148 Vietnam Soil  P.W. Crous JQ666149 JQ666039 JQ666070 
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G. sagariensis CBS 199.55T India Soil S.B. Saksena JQ666141 JQ666031 JQ666063 
G. whileyi BRIP 61430T Australia Persea americana E.K. Dann KX274052 KX274069 KX274086 
Gliocladiopsis sp. 1 CBS 111038 Colombia Soil  M.J. Wingfield JQ666151 JQ666041 JQ666071 
Gliocladiopsis sp. 2 CBS 116086 Indonesia Soil A.C. Alfenas JQ666152 JQ666042 JQ666072 
 
T Ex-type cultures. Taxonomic novelties are in bold print. 
a BRIP: Biosecurity Queensland Plant Pathology Herbarium, Department of Agriculture and Fisheries, Dutton Park, Australia. CBS: CBS-KNAW Fungal Biodiversity Centre, 
Utrecht, The Netherlands. CPC: Working collection of Pedro Crous housed at CBS. IMI: International Mycological Institute, CABI-Bioscience, Egham, UK. ATCC: American 
Type Culture Collection, Manassas, USA. IMUR: Institute of Mycology, University of Recife, Recife, Brazil. LC: Herbarium of Microbiology, Academia Sinica, Taipei, 
Taiwan.  
b BT = β-tubulin; HIS3 = Histone H3; ITS = Internal transcribed spacer regions 1, 2 and 5.8S ribosomal RNA gene. 
c Newly deposited sequences are shown in bold. 
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3.3.2 DNA extraction, amplification and sequencing 
 
Total genomic DNA was extracted from mycelia using the Promega Wizard® genomic DNA 
purification kit (Promega Corporation, Alexandria, Australia). The manufacturer’s protocol 
(Promega Corporation, 2010) was modified in that 50–100 mg of mycelium was ground by 
hand with a pestle in an Eppendorf tube in 600 µl nuclei lysis solution, then incubated at 65 °C 
for 15 min. The purified DNA was rehydrated with sterile deionised (sd) water instead of DNA 
rehydration solution. The absorbance of the DNA at A260/A280 nm was measured with a 
spectrophotometer (BioDrop®, Pacific Laboratory Products, Blackburn, Australia) and used to 
quantify the DNA concentration (Dhanoya, 2012). The DNA was diluted to working solutions 
of up to 50 ng/µl.  
 
The internal transcribed spacer (ITS) regions 1 and 2 and the 5.8S gene of the ribosomal RNA, 
β-tubulin and Histone H3 partial gene loci for each isolate were amplified separately in PCR 
with Invitrogen® Taq PCR reagents (Life Technologies, Mulgrave, Australia) and RNase-free 
water at master mix concentrations of 1 unit Invitrogen® Taq Polymerase, 0.6 µM forward 
primer, 0.6 µM reverse primer, 0.2 mM of each DNTP, 1.5 mM MgCl2 and 1 × concentration 
of PCR buffer. For each PCR reaction, 2 µl of DNA template at 25–50 ng/µl was used. The 
partial ITS region (~600 bp) was amplified with the universal primers ITS 4 and ITS 5 (White 
et al., 1990); the partial β-tubulin gene (~600 bp) was amplified with the primers T1 (O’Donnell 
& Cigelnik, 1997) and CYLTUB1R (Crous et al., 2004); and the partial Histone H3 gene 
(~500bp) was amplified with the primers CYLH3F and CYLH3R (Crous et al., 2004). The 
PCR thermal cycling consisted of initial denaturation at 95 °C for 2 min, followed by 30 cycles 
of denaturation at 95 °C for 30 s, annealing at 62 °C for 30 s and extension at 72 °C for 1 min, 
with a final extension at 72 °C for 5 min. The PCR products were sent to Macrogen Inc. (Seoul, 
Rep. of Korea) for sequencing in both directions with the same primer pairs used for 
amplification. Contigs were assembled from the forward and reverse sequences using a de novo 
assembly in Geneious v. 7.1.5 (Biomatters Ltd, Auckland) (Kearse et al., 2012).  
 
3.3.3 Phylogenetic analysis 
 
DNA sequences were aligned using the MAFFT 7 (Katoh & Standley, 2013) Geneious plugin. 
The multiple alignments for each gene were cured in Gblocks (www.phylogeny.fr) (Talavera 
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& Castresana, 2007) and concatenated in Geneious. A maximum likelihood (ML) and Bayesian 
inference (BI) phylogeny were constructed in a partitioned setup, with an invariable 
GTRGAMMA model of evolution. ML phylogenetic trees were generated using RAXML v. 
7.2.6 (Stamatakis, 2006) with a rapid bootstrap analysis and 1000 runs on the distinct random 
starting tree. The BI phylogenetic trees were generated with MrBayes v. 3.2.5 (Huelsenbeck & 
Ronquist, 2001) with the Markov Chain Monte Carlo (MCMC) consisting of 4 runs. Each run 
contained 4 chains analysed with 10 million generations, and the trees were sampled and 
printed every 1000 generations. The cold chain heating temperature was 0.25. The phylogenetic 
trees were viewed with FigTree v. 4.2 (Rambaut, 2007). The ML bootstrap support values of 
≥ 70% or BI posterior probabilities of ≥ 0.95 were considered to indicate statistical significance.  
 
For the phylogenetic analysis, sequence data generated from the 19 isolates in this study was 
compared with the gene sequences from all 10 ex-type cultures of Gliocladiopsis available on 
the NCBI GenBank database (Table 1). Cylindrocladiella parva (ATCC 28272), the type 
species of that genus (Lombard et al., 2012), was chosen as the outgroup taxon as 
Cylindrocladiella is sister to Gliocladiopsis (Lombard et al., 2015). Novel sequences derived 
in this study were deposited in GenBank (www.ncbi.nlm.nih.gov/genbank) and MycoBank 
(www.mycobank.org). The alignments and phylogenetic trees were placed in TreeBASE 
(www.treebase.org/treebase/index.html).  
 
3.3.4 Morphological examination 
 
Isolates were grown on carnation leaf agar (Fisher et al., 1982) at 24 ºC under 12 h dark/12 h 
near-ultraviolet light. Approximately 7–10 d after culturing, conidiophores were observed on 
carnation leaves under a dissecting microscope, collected and then placed on a microscope 
slide containing clear 100% lactic acid. Fungal structures were viewed and measured at ×1000 
magnification by differential interference contrast using a Leica DM2500 microscope (Leica 
Microsystems, North Ryde, Australia). Conidial sizes were expressed as 95% confidence 
intervals derived from 20 observations with extremes of conidial measurements given in 
parentheses. Colonies were described after 7 d incubation on sPDA using the colour charts of 
Rayner (1970). Novel species were registered in Mycobank (Crous et al., 2004).  
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3.4 Results 
 
3.4.1 Phylogeny 
 
Amplicons of approximately 400‒600 bp were obtained for each of ITS, β-tubulin and Histone 
H3. The phylogenetic analysis included 12 ingroup taxa, with Cylindrocladiella parva (ATCC 
28272) as the outgroup taxon. The combined dataset consisted of 1562 characters. ML and BI 
phylogenies based on the concatenated ITS, β-tubulin and Histone H3 partial gene sequences 
produced congruent tree topologies (TreeBASE ID: 19374). The BI topology was selected for 
graphical representation (Fig. 1), which showed the Australian isolates from avocado clustered 
in two clades, one of 16 and the other with three. The larger clade may represent a species 
complex as it contained a polytomy that included a well-supported clade comprising two 
subclades.  
 94 
 
 
 
Fig. 1 – Phylogenetic tree generated by maximum likelihood analysis and Bayesian inference of the combined 
sequences of β-tubulin, ITS and Histone H3 gene loci of the Gliocladiopsis isolates. Bootstrap support values 
(bold) over 60% and posterior probabilities over 0.5 are shown at the nodes. Darker blocks indicate previously 
reported species; lighter blocks indicate new species. The tree was rooted to Cylindrocladiella parva (ATCC 
28272). The accession numbers of ex-type cultures are shown in bold. The scale bar represents the expected 
number of nucleotide changes per site. 
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3.4.2 Taxonomy 
 
Three novel species are described based on phylogenetic inference and morphology (Table 2).  
 
Gliocladiopsis forsbergii L.E. Parkinson, E.K. Dann & R.G. Shivas, sp. nov.  Figs 2, 5. 
MycoBank no.: MB 817263. 
 
Diagnosis: Gliocladiopsis forsbergii has a conidiogenous apparatus that sometimes produces 
quinary branches, which differentiates it from all known species (Lombard & Crous, 2012), 
including those described in this paper. 
 
Holotype: AUSTRALIA, New South Wales, Mullumbimby, on necrotic roots of Persea 
americana in a seedling nursery, Mar 2014, leg. L.E. Parkinson (BRIP 61349a, permanently 
preserved in a metabolically inactive state). 
 
Etymology: Named after the Australian plant pathologist Leif Forsberg, who collected and 
identified many hundreds of fungal plant pathogens during the time that he ran the plant pest 
and disease diagnostic service in Queensland from 1996 to 2013. The isolation techniques that 
he developed were used in this study. 
 
Colonies on sPDA reach 4 cm diam after 7 d under near UV light at 24 °C, floccose, pale 
ochreous in the central part becoming cream at the margin, margin entire; reverse umber, 
becoming paler towards the margin, zonate. Conidiophores arise from a yellowish brown 
sporodochium up to 80 µm diam, penicillate 50–90 × 4–7 µm, with subhyaline to hyaline stipes. 
Conidiogenous apparatus with several branch series; primary branches 27–35 × 4–6 µm, 
aseptate; secondary branches 30–80 × 4–6.5 µm, aseptate to 1-septate; tertiary branches 16–
21.5 × 2.5–3.5 µm, aseptate; quaternary branches 10–13 × 1.5–2 µm, aseptate; quinary 
branches 10–12 × 1.5–2 µm, aseptate; phialides lageniform to cylindrical, 7.5–12 × 2 µm, 
straight or curved, with a terminal collarette, single or in whorls of 2–3. Conidia cylindrical 
(13.5–)15.5–19(–20) × (1–)1.5–2.5(–3) µm (n = 20), hyaline and mostly 1-septate. Sexual 
morph unknown. 
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Additional culture examined: AUSTRALIA, Queensland: Burbank, on necrotic stem lesions 
of Grevillea sp., Feb 2014, leg. K.G. Pegg (BRIP 60984).  
 
Substrate and distribution: On roots of Persea americana (Lauraceae), Grevillea sp. 
(Proteaceae); Australia.     
 
Notes: Phylogenetic inference is required to identify G. forsbergii. Unique fixed nucleotides 
were identified for G. forsbergii at three loci: β-tubulin positions 173 (T), 328 (C), 377 (G) and 
407 (A); Histone H3 position 51 (C), 56 (T), 117 (A) and 439–440 (CTC); ITS at positions 3 
(A), 191–199 (--TGGCA-T) and 478 (G).  
 
 
Fig. 2 – Gliocladiopsis forsbergii (BRIP 61349a) on carnation leaf agar at 7 d. Penicillate conidiophore, 
conidiogenous cells and conidia. Bar: 10 µm. 
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Gliocladiopsis peggii L.E. Parkinson, E.K. Dann & R.G. Shivas, sp. nov.  Figs 3, 5. 
MycoBank no.: MB 817264. 
 
Diagnosis: Gliocladiosis peggii formed a monophyletic group that may represent an unresolved 
species complex as it contained a polytomy that included a well-supported clade comprising 
two subclades (Fig. 1). The type of G. peggii was selected from one of these subclades. 
 
Holotype: AUSTRALIA, Queensland, Woombye, on necrotic roots of Persea americana in a 
seedling nursery, 18 Jul 2013, leg. L.E. Parkinson (BRIP 60983, permanently preserved in a 
metabolically inactive state). 
 
Etymology: Named after Ken G. Pegg, one of Australia’s most respected and inspirational 
plant pathologists for more than five decades. 
 
Colonies on sPDA reach 4 cm diam after 7 d under near UV light at 24 °C, floccose at the 
margin, flat and zonate towards the centre, covered in conspicuous small white droplets, cream 
to pale luteous, margin entire; reverse zonate, ochreous, darker at the centre becoming paler 
towards the margin. Conidiophores penicillate, 80–110 × 4–7.5 μm, with subhyaline stipes. 
Conidiogenous apparatus with several series of hyaline branches; primary branches 20–25 × 
3–4.5 μm, aseptate; secondary branches 8–15 × 2.5–4 μm, aseptate; phialides lageniform to 
cylindrical, 10–15 × 2–3 μm, arranged in whorls of 3–4 per branch, straight or curved with a 
minute collarette. Conidia cylindrical, (10.5–)14–18(–19) × (1.5–)2–3 μm (n = 20), hyaline and 
medianly 1-septate. Sexual morph unknown. 
 
Additional cultures examined: On Persea americana (Lauraceae), AUSTRALIA, Queensland: 
Woombye, seedling nursery, on necrotic roots, Jun 2010, leg. E.K. Dann & A.W. Cooke (BRIP 
53654); Walkamin, seedling nursery, on necrotic roots, 2 Dec 2013, leg. K.G. Pegg (BRIP 
60987); Walkamin, seedling nursery, in soil, 2 Dec 2013, leg. K.G. Pegg (BRIP 60988); 
Woombye, seedling nursery, on necrotic stem lesions, 12 Dec 2013, leg. A.G. Manners (BRIP 
60990); Woombye, seedling nursery, on necrotic roots, Aug 2015, leg. L.E. Parkinson (BRIP 
63709a, BRIP 63709b, BRIP 63709c, BRIP 63710a, BRIP 63710c). AUSTRALIA, New South 
Wales: Duranbah, seedling nursery, on necrotic roots, Jun 2010, leg. E.K. Dann & A.W. Cooke 
(BRIP 54019); Duranbah, seedling nursery, on necrotic roots, Jul 2015, leg. L.E. Parkinson 
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(BRIP 62845a, BRIP 62845b, BRIP62845c). AUSTRALIA, South Australia: Waikerie, in an 
orchard, on necrotic roots, Nov 2015, leg. L.E. Parkinson (BRIP 63711c, BRIP 63711d). 
 
Substrate and distribution: On Persea americana (Lauraceae); Australia.    
 
Notes: Gliocladiopsis peggii is sister to G. mexicana, which is only known from soil in Mexico. 
Gliocladiopsis peggii was found on necrotic avocado roots, stem lesions or soil near diseased 
trees in eastern and southern Australia. The geographical distribution may be a reflection of 
the widespread movement of avocado planting material from major nurseries in the eastern 
states of Australia to all production areas. An isolate of G. peggii (BRIP 53654) was shown to 
significantly increase the height of avocado seedlings in a soil amendment trial (Dann et al., 
2012 as Gliocladiopsis sp.). Gliocladiopsis peggii and G. mexicana both have penicillate 
conidiophores with secondary branching, or rarely tertiary branching in G. mexicana (Lombard 
& Crous, 2012). Unique fixed nucleotides were identified for G. peggii at three loci, which 
differ from G. mexicana: β-tubulin at positions 29 (C), 237 (G), 421 (T) and 431 (T); Histone 
H3 at positions 59 (A), 69 (C), 77–79 (TCG), 283 (C), 291–293 (AAG), 318 (T), 322 (T) and 
432 (T); ITS at positions 78 (T), 182–199 (-------TC--TGGCA-T) and 361 (C).  
Fig. 3 – Gliocladiopsis peggii (BRIP 60983) on carnation leaf agar at 7 d. Penicillate conidiophore, conidiogenous 
cells and conidia. Bar: 10 µm.  
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Gliocladiopsis whileyi L.E. Parkinson, E.K. Dann & R.G. Shivas, sp. nov.  Figs 4, 5. 
MycoBank no.: MB 817265. 
 
Diagnosis: Gliocladiopsis whileyi is most closely related to G. curvata (Fig. 1). Gliocladiopsis 
whileyi has a conidiogenous apparatus that contains quaternary branches, with 2–3 per 
phialides per terminal branch, whereas G. curvata has mostly tertiary branches and rarely 
quaternary branches, with phialides in whorls of 2–6 per terminal branch (Lombard & Crous, 
2012). Gliocladiopsis whileyi, differs in morphology to sister species, G. forsbergii in 
conidiophore branching, in which G. forsbergii has quinary branches.  
 
Holotype: AUSTRALIA, New South Wales, Duranbah, on necrotic roots of Persea americana 
cultivated in an orchard, May 2014, leg. L.E. Parkinson (BRIP 61430, permanently preserved 
in a metabolically inactive state). 
 
Etymology: Named after Anthony (Tony) Whiley AM, whose holistic approach to horticultural 
production and research, and his ability to effectively communicate his research, has benefited 
avocado growers and researchers in Australia. 
 
Colonies on sPDA reach 4 cm diam after 7 d under near UV light at 24 °C, floccose, pale 
ochreous in the central part becoming cream at the margin, margin entire; reverse umber, 
becoming paler towards the margin, zonate. Conidiophores penicillate, 70–100 × 5–7 µm, with 
subhyaline to hyaline multi-septate stipes. Conidiogenous apparatus hyaline with several series 
of branches; primary branch 18–27 × 3–4 µm, aseptate; secondary branches 15–20 × 2.5–3 µm, 
aseptate; tertiary branches 13–15 × 2–3 µm, aseptate; quarternary branches 7–10 × 2–3 µm, 
aseptate; phialides lageniform to cylindrical, 11–17 × 2–3 µm, central phialides occasionally 
extended, straight or curved, with a minute terminal collarette, single or in whorls of 2–3. 
Conidia cylindrical, (16–)17–21(–22) × 1.5–3 µm (n = 20), straight or slightly curved, hyaline 
and medianly 1-septate. Sexual morph unknown. 
 
Substrate and distribution: Persea americana (Lauraceae); Australia.   
 
Notes: Gliocladiopsis whileyi and G. forsbergii share identical and unique fixed nucleotides in 
the ITS at positions 3, 182–188, 191–199 and 478. However in ITS G. whileyi and G. forsbergii 
are significantly different to G. curvata, demonstrating the separation of these species from G. 
 100 
 
curvata. Gliocladiopsis whileyi differs from G. forsbergii in the β-tubulin gene at positions 
170–173, 178, 209–214, 377–383, whereas G. whileyi is identical to G. curvata at these 
positions. 
 
Fig. 4 – Gliocladiopsis whileyi (BRIP 61430) on carnation leaf agar at 7 d. Penicillate conidiophore, 
conidiogenous cells and conidia. Bar: 10 µm. 
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Fig. 5 – Gliocladiopsis forsbergii (BRIP 61349a; A–C), Gliocladiopsis peggii (BRIP 60983; D–G) and 
Gliocladiopsis whileyi (BRIP 61430; H–J). A, D, I: Colonies on sPDA at 7 d (left, upper side; right, reverse). B, 
E, F, H: Conidiophores. C, G, J: Conidia. Bars: A, D, I 10 µm; B, C, E–H, J 1 cm. 
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Table 2. Synopsis of morphological characteristics of new Gliocladiopsis species. 
 
Organism 
name 
Mediuma 
Conidiophore 
branching 
Conidial shape Conidial size (µm) 
Average 
conidial size 
(µm) 
Substrate Country 
G. forsbergii CLA Quinary  
Cylindrical, straight; 
mostly 1-septate 
(13.5–)15.5–19(–20) × (1–)1.5–2.5(–3) 19 × 2 
Roots of Persea 
americana, stem of 
Grevillea sp. 
Australia 
G. peggii CLA Secondary 
Cylindrical, straight; 1-
septate 
(10.5–)14–18(–19) × (1.5–)2–3 16 × 2 Roots of P. americana Australia 
G. whileyi CLA Quaternary 
Cylindrical, straight or 
slightly curved; 1-septate 
(16–)17–21(–22) × 1.5–3 17 × 2 Roots of P. americana Australia 
a CLA: Carnation leaf agar.
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3.5 Discussion 
 
Multigene phylogenetic analysis and morphological comparisons of fungal structures of 
Australian cultures of Gliocladiopsis isolated from necrotic avocado roots, revealed three new 
species, G. forsbergii, G. peggii and G. whileyi. This brings the total number of Gliocladiopsis 
species to 13 worldwide (Table 1). 
 
Gliocladiopsis species are generally soilborne (Lombard et al., 2015) with many of the known 
reported isolates collected from soil (Lombard & Crous, 2012). However some Gliocladiopsis 
isolates have been collected from diverse symptomatic terrestrial plant material in various 
countries including avocado (in Ecuador), Syzygium aromaticum (Indonesia), Archontophoenix 
purpurea (New Zealand), Chamaedorea elegans (USA), Araucaria sp. (Malaysia), Vanilla sp. 
(Indonesia) and Indigofera sp. (Indonesia) (Lombard & Crous, 2012). Interestingly, 
Gliocladiopsis guangdonensis was collected from decaying wood submerged in forest 
freshwater in China (Liu & Cai, 2013).  
 
All species of Gliocladiopsis are associated with the necrotic roots of diseased plants, plant 
litter or soil (Liu & Cai 2013, Lombard & Crous 2012). Only one species of Gliocladiopsis has 
been tested for pathogenicity, namely G. peggii, which actually increased the height of avocado 
seedlings in two of three soil amendment trials (Dann et al. 2012, as Gliocladiopsis sp.). It is 
noteworthy that all of the isolates of G. peggii were collected from young, unhealthy avocado 
trees, mostly in nurseries and orchards. Isolates of G. peggii were morphologically 
indistinguishable, although the phylogenetic analysis showed that it may represent an 
unresolved species complex as it contained a polytomy that included a well-supported clade 
comprising two subclades. The ecological role of Gliocladiopsis species in the rhizosphere, 
including their potential contribution to tree growth and decline, warrants further investigation.   
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Chapter 4: Pathogenicity of nectriaceous fungi on avocado in Australia 
 
4.1 Abstract 
 
Black root rot is a severe disease of young avocado trees in Australia causing black necrotic 
roots, tree stunting, and leaf drop prior to tree death. Nectriaceous fungi (Nectriaceae, 
Hypocreales), are commonly isolated from symptomatic roots. This research tested the 
pathogenicity of 21 isolates from Calonectria, Cylindrocladiella, Dactylonectria, 
Gliocladiopsis and Ilyonectria, spp. collected from young avocado trees and other hosts. 
Glasshouse pathogenicity tests with avocado (Persea americana) cv. Reed seedlings confirmed 
that Calonectria ilicicola is a severe pathogen of avocado, causing stunting, wilting and 
seedling death within 5 weeks of inoculation. Isolates of Calonectria ilicicola from peanut, 
papaya and custard apple, were also shown to be aggressive pathogens of avocado, 
demonstrating a broad host range. An isolate of Calonectria sp. from blueberry, and avocado 
isolates of Dactylonectria macrodidyma, D. novozelandica, D. pauciseptata and D. 
anthuriicola caused significant root rot, but not stunting within 5–9 weeks of inoculation. An 
isolate of Ilyonectria sp. from grapevine closely related to I. liriodendri, and avocado isolates 
of Cylindrocladiella pseudoinfestans, Gliocladiopsis peggii and Ilyonectria sp. were not 
pathogenic to avocado. Pathogenicity experiments on avocado cv. Hass fruit demonstrated that 
Calonectria ilicicola isolates from avocado caused necrotic lesions on fruit skin without 
mechanical wounding whereas lesions developed only at wound-inoculated sites with D. 
macrodidyma and Ilyonectria sp. isolates from avocado and the Ca. ilicicola isolate from 
papaya.   
  
4.2 Introduction and Literature Review 
 
4.2.1 Black root rot disease of avocado  
 
Black root rot is a severely damaging disease of young avocado (Persea americana, 
Lauraceae) trees caused by soilborne nectriaceous fungi (Nectriaceae, Hypocreales) (Dann et 
al., 2012, Ramírez Gil, 2013, Vitale et al. 2012). Symptoms of black root rot in young avocado 
trees include tree stunting, wilt, leaf chlorosis and browning, leaf drop and rapid decline and 
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death of young orchard transplants (Dann et al., 2012). Affected roots have brown to black, 
sunken lesions which coalesce to destroy the root completely.  
 
Infected nursery trees have been reported to die within 1–5 years of transplantation into 
orchards, causing significant commercial loss in Australia (Dann et al., 2012), Chile (Besoain 
& Piontelli, 1999), Colombia (Ramírez Gil, 2013), Israel (Zilberstein et al., 2007), Italy (Vitale 
et al., 2012) and New Zealand (Boesewinkel, 1986). Species confirmed by pathogenicity tests 
as the cause of black root rot in avocado include Calonectria ilicicola in Australia (Dann et al., 
2012), which also caused severe stunting, and Dactylonectria macrodidyma (as Ilyonectria 
macrodidyma) in Italy (Vitale et al., 2012). Ilyonectria liriodendri, and an undescribed 
Gliocladiopsis sp. were not pathogenic to avocado seedlings in glasshouse pathogenicity tests 
(Dann et al., 2012).  Other fungi have been reported associated with black root rot of avocado, 
including Cylindrocladiella parva (Crous et al. 1991, Dann et al. 2012) and Gliocladiopsis 
forsbergii, G. peggii and G. whileyi (Parkinson et al. 2017). 
 
4.2.2 Critique of the associated nectriaceous fungi reported as pathogens 
 
The earliest report of nectriaceous fungi isolated from avocado roots was in South Africa, 
which was identified with morphology as Cylindrocarpon destructans (Darvas, 1978), a 
species now known as Ilyonectria destructans after the abolishment of dual nomenclature 
(Crous et al., 2015) and modern methods of identification, such as gene sequencing and 
molecular phylogenetic analyses (Lombard et al., 2014). There are reports of Ilyonectria 
destructans as pathogens of avocado (as Cylindrocarpon destructans in Besoain & Piontelli 
1999, Darvas, 1978, Ramírez Gil, 2013, and as Neonectria radicicola in Zilberstein et al., 
2007). Ilyonectria destructans was frequently isolated from necrotic avocado roots in Chile, 
where 22,000 nursery trees were killed between 1994–1995 (Besoain & Piontelli, 1999). More 
recently I. destructans has been reported in avocado seedlings in Israel (Zilberstein et al., 2007) 
and Columbia (Ramírez Gil, 2013). However conclusive evidence of pathogenicity and 
accurate identification of the causal agent was not demonstrated in these studies. That is, 
confirmation of pathogenicity by demonstrating Koch’s postulates were not recorded in 
Darvas’ (1978) or Zilberstein et al.’s (2007) studies. The Colombian study, which had carried 
out pathogenicity tests and Koch’s postulates, relied on morphology alone to identify the fungi 
(Ramírez Gil, 2013), which risks misidentification of cryptic and closely-related species. 
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Ilyonectria destructans has had numerous taxonomic nomenclature changes over time 
(Lombard et al., 2015) and correct phylogenetic methods and gene sequencing are important 
for accurate identification of this species. So far there are no studies which have shown that 
Ilyonectria spp. is a pathogen of avocado. 
 
4.2.3 Taxonomic updates to known nectriaceous pathogens  
 
Dactylonectria is a genus recently separated from Ilyonectria (Lombard et al., 2015) and a 
number of species have been reported as soilborne pathogens, including D. macrodidyma  
causing black foot disease of grapevines (Agustí-Brisach & Armengol, 2013, Cabral et al., 
2012, Whitelaw-Weckert et al., 2013) and apple seedling replant disease (Tewoldemedhin et 
al., 2011b). Dactylonectria macrodidyma caused significant root rot in 100% of potted 
grapevines (Vitis vinifera cv. Chardonnay) inoculated with D. macrodidyma in Western 
Australia (Whitelaw-Weckert et al., 2013). However, D. macrodidyma has never been 
associated with avocado disease in Australia. Many previous records of Cylindrocarpon spp. 
on avocado in Australia (reported in Dann et al., 2012) warrant confirmation of identity with 
gene sequencing and phylogenetic analyses as these fungi have been recently transferred to 
other genera, including Cylindrodendrum, Dactylonectria, Ilyonectria and Neonectria 
(Lombard et al., 2014, 2015).    
 
4.2.4 Nectriaceous pathogens from other hosts 
 
Six genera in the Lauraceae have species that are reported as hosts for Calonectria spp. (Crous, 
2002, Lombard et al., 2010b), including Persea (Dann et al., 2012) and Laurus (laurels) 
(Polizzi et al., 2012). Calonectria pauciramosa is a dominant nursery pathogen in Australia 
and South Africa (Crous 2002, Lombard et al. 2010a, 2011). Calonectria ilicicola is highly 
pathogenic to horticultural and field crops, causing several diseases, including collar rot of 
papaya (Male et al., 2012), red crown rot in soybean (Kuruppu et al., 2004, Ochi et al., 2011) 
and Cylindrocladium Black Rot (CBR) of peanut (Wright et al., 2010). Yield loss caused by 
Ca. ilicicola is reported to be as high as 50% in both peanut (Wright et al., 2010) and soybean 
(Kuruppu et al., 2004). Calonectria ilicicola has also been reported in ornamental trees, causing 
crown and root rot of bay laurel (Polizzi et al., 2012) and leaf spot in holly (Ilex aquifolium) 
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(Lechat et al., 2010). The ability of nectriaceaous pathogens of other crops to infect and cause 
disease in avocado is yet to be investigated.  
 
4.2.5 Research questions and aims 
 
This experimental investigation addressed the research questions: 
Which nectriaceous species are pathogenic to avocado trees? Are isolates of nectriaceous 
pathogens collected from other hosts also pathogenic on avocado? Can nectriaceous fungi 
cause disease on avocado fruit? 
 
The investigation aimed to: 
1. Perform glasshouse pathogenicity tests on avocado seedlings with a selection of 
nectriaceous fungi from the isolate collection to identify pathogenic species and 
potential host range. 
2. Test the ability of nectriaceous fungal isolates to cause necrotic lesions on avocado 
fruit, to determine suitability as a rapid pathogenicity test.    
 
4.3 Materials and Methods 
 
4.3.1 Fungal isolate identification and inoculum preparation  
 
Twenty-one fungal isolates from the genera, Calonectria, Cylindrocladiella, Dactylonectria, 
Gliocladiopsis and Ilyonectria (Table 1) were chosen for pathogenicity tests. The isolates 
included species from diseased roots of nursery and field plants of avocado, custard apple, 
grapevine, papaya and peanut. The isolates were cultured on half-strength potato dextrose agar 
amended with 200 ppm streptomycin (sPDA) and identified with morphology and molecular 
phylogenetic analyses as outlined in Chapter 2 (Section 2.3).  
 
Four 1 cm2 sPDA cubes of the respective fungal isolate were added to separate 500 ml flasks 
containing autoclaved sand:bran:water media (ratio 10:1:4 w/w), maintained at room 
temperature on a laboratory bench and shaken daily for 7–10 days to distribute the inoculum 
evenly.  
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4.3.2 Preparation of glasshouse pathogenicity tests 
 
There were three separate glasshouse pathogenicity experiments, with two replicate trials per 
experiment, each with 10 (Experiments 1 and 3) or 12 (Experiment 2) plants per inoculum. 
Avocado cv. Reed test plants were grown from seed in the glasshouse (~22–24 °C day / 18°C 
night) for 3–6 months, until seedlings were approximately 30–40 cm high.  
 
Potting soil (Searles® Premium Potting Mix) was added to the bottom 3 cm of each pot (12.5 
cm diam.). The inoculum of each isolate tested was mixed with vermiculite (Grade 3), with 3 
parts vermiculite to 1 part inoculum, and evenly distributed into the pots. A single avocado 
seedling was transplanted into each pot, with the roots touching the inoculum, and then the pots 
were filled with potting soil. Plant height (top of the seed to the plant apex) was measured 
immediately after transplantation, then weekly and any visible disease symptoms were 
recorded. At 5 weeks (Experiments 1 and 3) or 9 weeks (Experiment 2) post inoculation the 
seedlings were uprooted, the roots were washed to remove potting mixture, and the percentage 
of diseased roots relative to total roots were assessed for each plant. Plant (leaves and stems) 
and roots were weighed, dried at 55°C for 3 days and re-weighed. The causal agents were 
confirmed by selecting samples of fresh roots with lesions from 3 to 4 representative plants of 
each tested isolate, surface sterilizing in 50% ethanol, plating on sPDA, and observing the 
fungal morphological structures under a light microscope after 4 to 6 d of growth under black 
light (12 hr black light/ 12 hr darkness) at room temperature. 
 
4.3.3 Experiment 1: Glasshouse pathogenicity testing of Calonectria and Ilyonectria 
spp. 
 
The isolates included Calonectria ilicicola (BRIP 54018a) collected from symptomatic nursery 
avocado (Persea americana) and nectriaceous species from other hosts on which the isolates 
caused disease, i.e., Ca. ilicicola from custard apple (Annona reticulata) (BRIP 61291), peanut 
(Arachis hypogaea) (BRIP 60389) and papaya (Carica papaya) (BRIP 60992, BRIP 53933a), 
Calonectria sp. from blueberry (Vaccinium sp.) (BRIP 60981) and Ilyonectria sp. from 
grapevine (Vitis vinifera) (Table 1; Appendix Table A1). The Calonectria sp. from blueberry 
was closely related to Ca. pauciramosa, which Lombard et al. (2011) reported as a dominant 
nursery pathogen in Australia.  
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4.3.4 Experiment 2: Glasshouse pathogenicity testing of Calonectria, Dactylonectria 
and Ilyonectria spp. 
 
The isolates tested were collected from <1 year old symptomatic avocado nursery trees, <1 
year old young orchard transplants and >8 years old established orchard trees; and one healthy 
>8 years old established orchard tree (Appendix Table A1). The isolates included four D. 
macrodidyma isolates (BRIP 61294a, BRIP 61294b, BRIP 61349e, BRIP 62001b), D. 
novozelandica (BRIP 62000d), D. pauciseptata isolate (BRIP 61428d), D. anthuriicola (BRIP 
60985) and Ilyonectria sp. (BRIP 61349d) (Table 1). 
 
4.3.5 Experiment 3: Glasshouse pathogenicity testing of Calonectria, 
Cylindrocladiella and Gliocladiopsis spp. 
 
The isolates tested in this experiment were collected from symptomatic nursery avocado trees 
and included 2 Calonectria ilicicola isolates (BRIP 54018a, BRIP 60982), one 
Cylindrocladiella pseudoinfestans isolate (BRIP 60986) and two Gliocladiopsis peggii isolates 
(BRIP60987, BRIP 60990) (Table 1; Appendix Table A1).  
 
4.3.6 Experiment 4: Pathogenicity tests on avocado fruit with Calonectria, Ilyonectria 
and Dactylonectria spp.  
 
One pathogenicity trial was conducted on unripe avocado cv. Hass fruit. Six isolates were 
selected for inoculation, 4 of which were also tested in the glasshouse seedling experiments, 
including three Ca. ilicicola isolates from avocado (BRIP 54018a and BRIP 60982) and papaya 
roots (BRIP 60992), and an Ilyonectria sp. from avocado (BRIP 61349d). Two isolates from 
avocado, D. macrodidyma (BRIP 60979) and Ilyonectria sp. (BRIP 60980), which had not been 
tested on seedlings were included in this experiment (Table 1). Both isolates were collected 
from established orchard trees (>8 years old), with D. macrodidyma originating from Hampton, 
Queensland, and Ilyonectria sp. (BRIP 60980) originating from Duranbah, New South Wales 
(Appendix Table A1).    
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A conidial suspension was prepared by adding ~2 ml sd water to a sporulating culture growing 
on sPDA. The conidia were dislodged into suspension by swirling a sterile glass spreader over 
the mycelia. The liquid suspension was filtered through cheesecloth gauze and into a 2 ml 
microcentrifuge tube. The conidia were washed by two rounds of centrifugation at 10, 000 rcf 
and resuspension in sd water.  
 
Fruit were prepared by washing in water and detergent to remove copper fungicide residue and 
then rinsed. The fruit surface was sterilized with 70% v/v ethanol and air dried. There were 
three fruit per isolate except for Ilyonectria sp. (BRIP 60980) and the uninoculated control 
group, both of which had only two fruit due to limited fruit availability. Four ~2 cm diameter 
circles were drawn with white paint marker on each fruit, and a scalpel incision <0.25 cm2 was 
made in the centre of two circles. For each treatment group, a 25µl droplet of spore suspension 
(or water as a control) was dispensed onto the centre of each circle.   
 
The fruit were incubated for 4 days at 26°C in sealed ripening boxes lined with wet blotting 
paper to promote a humid environment for fungal infection and disease development. Fruit 
were then transferred to avocado storage boxes and ripened for 6 days at 26°C and 65% relative 
humidity. Observations of necrosis or mycelia growth at the site of inoculation were recorded 
at 4 and 7 days post inoculation. When ripe, cv. Hass fruit turn dark purple to black and any 
necrotic lesions present may be difficult to visualise and measure. Therefore at 10 days post 
inoculation the fruit were peeled to measure the diameter of necrosis on the underside of the 
skin at the sites of inoculation. Samples of fruit flesh, <0.5 cm2, containing margins of necrosis 
and healthy tissue were plated onto sPDA and cultured under near UV at room temperature in 
an effort to re-isolate the causal agent and fulfil Koch’s postulates. 
 
4.3.7 Statistical analyses 
 
The data from each glasshouse experimental trial were pooled as there was no significant 
treatment by experiment interaction. The statistical analyses were performed using the 
software, GenStat (16th edition, VSN International Ltd). Plant and root biomass, and percentage 
of necrotic roots were each analysed by Analysis of Variance (ANOVA), while plant height 
over time was analysed by a Repeated Measures ANOVA. Data from the pathogenicity 
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experiment on fruit were analysed by ANOVA. Fisher’s Least Significant Difference (LSD) at 
P<0.05 was used to rank the means.  
 
Table 1. List of fungal isolates tested in pathogenicity experiments. 
Fungal species 
Culture 
accession 
number 
Host 
Experiment 
isolate is tested 
in 
1 2 3 4 
Calonectria sp.   BRIP 60981 Vaccinium sp.      
Calonectria ilicicola  BRIP 53933a Carica papaya      
 BRIP 54018a Persea americana         
 BRIP 60389 Arachis hypogaea      
 BRIP 60982 Persea americana       
 BRIP 60992 Carica papaya       
 BRIP 61291 Annona reticulata      
Cylindrocladiella pseudoinfestans BRIP 60986 Persea americana      
Dactylonectria macrodidyma BRIP 60979 Persea americana      
 BRIP 61294a Persea americana      
 BRIP 61294b Persea americana       
 BRIP 61349e Persea americana      
 BRIP 62001b Persea americana      
Dactylonectria novozelandica BRIP 62000d Persea americana      
Dactylonectria pauciseptata  BRIP 61428d Persea americana       
Dactylonectria anthuriicola BRIP 60985 Persea americana       
Gliocladiopsis peggii  BRIP 60987 Persea americana       
 BRIP 60990 Persea americana       
Ilyonectria sp.  BRIP 53498a Vitis vinifera       
 BRIP 60980 Persea americana      
 BRIP 61349d Persea americana        
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4.4 Results 
 
4.4.1 Experiment 1: Glasshouse pathogenicity testing of Calonectria and Ilyonectria 
spp. 
 
The effect of inoculation with Calonectria and Ilyonectria isolates on avocado seedlings was 
tested in the glasshouse over 5 wk. A significant difference among treatments in the mean plant 
heights was observed from 4 wk post inoculation (P<0.001) (data not shown). At 5 wk post 
inoculation all Calonectria ilicicola isolates caused significant (P<0.001) stunting in seedlings 
compared with the uninoculated controls (Table 2). Plants inoculated with Calonectria sp. 
(BRIP 60981) from blueberry and Ilyonectria sp. (BRIP 53498a) from grapevine were not 
significantly different in height to the uninoculated controls or the plants inoculated with Ca. 
ilicicola (Table 2).  
 
At 5 weeks post inoculation all Ca. ilicicola isolates significantly reduced leaf and stem 
biomass (Table 2) compared with uninoculated plants. Leaf and stem biomass of plants 
inoculated with Calonectria sp. from blueberry and Ilyonectria sp. from grapevine were not 
significantly different to that of plants grown in uninoculated media (Table 2). All Ca. ilicicola 
isolates significantly reduced root biomass compared to unamended media, with a ~74% 
average reduction in fresh weight (Table 2). The largest reductions in root biomass was caused 
by inoculation with Ca. ilicicola isolated from avocado (BRIP 54018a), custard apple (BRIP 
61291), peanut (BRIP 60389) and papaya (BRIP 53933a). There was significant variation in 
root biomass and necrosis between the two Ca. ilicicola isolates from papaya, despite both 
papaya isolates significantly reducing root biomass compared with uninoculated controls 
(Table 2). The average root biomass of plants inoculated with Calonectria sp. (BRIP 60981) 
or Ilyonectria sp. (BRIP 53498a) was not statistically different to those from uninoculated 
plants (Table 2).  
 
All Calonectria isolates caused significantly greater avocado root necrosis than uncolonised 
media, with Ca. ilicicola isolated from peanut (BRIP 60389), papaya (BRIP 53933a), custard 
apple (BRIP 61291) and avocado (BRIP 54018a) causing the most severe necrosis. Although 
avocado root biomass after inoculation with Calonectria sp. from blueberry was similar to that 
from the uninoculated group, the percentage of necrotic roots was significantly higher (Table 
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2). The percentage of necrotic avocado roots in plants inoculated with Ilyonectria sp. isolated 
from grapevine (BRIP 53498a) was not significantly different to that of uninoculated avocado 
plants (Table 2).  
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Table 2. Effect of soil amendment with Calonectria and Ilyonectria spp., isolated from other hosts, on growth of avocado seedlings cv. Reed and percentage of root necrosis 
at 5 weeks after inoculation.  
Amendment 
BRIP accession of 
fungal isolate 
 
Host 
 
Plant height 
(cm) 
Leaf + stem biomass (g) Root biomass (g)  
Root necrosis 
(%) 
Fresh Dry Fresh Dry 
Uncolonised media     27.5 a  17.0 a  4.75 a  16.6 ab  2.18 a  14.6 d 
Ca. ilicicola  BRIP 54018a Persea americana   21.1 c  8.17 d  2.72 c  4.33 d  0.57 c  81.3 a 
Calonectria sp.  BRIP 60981  Vaccinium sp.  26.0 ab  15.9 a  4.56 a  14.8 bc  1.94 ab  27.6 bc 
Ca. ilicicola  BRIP 61291 Annona reticulata  21.3 c  8.78 cd  2.88 c  6.61 d  0.80 c  70.5 a 
Ca. ilicicola  BRIP 60389 Arachis hypogaea  22.4 bc  8.46 d  2.98 c  4.09 d  0.54 c  79.1 a 
Ca. ilicicola  BRIP 53933a  Carica papaya  21.4 c  9.64 cd  3.10 bc  4.72 d  0.58 c  79.1 a 
Ca. ilicicola  BRIP 60992 Carica papaya  23.1 bc  12.0b c  3.44 bc  11.5 c  1.56 b  31.4 b 
Ilyonectria sp.   BRIP 53498a Vitis vinifera   23.6 abc  14.0 ab  3.97 ab  18.6 a  2.35 a  17.2 cd 
Mean values within columns with the same letter are not significantly different (P<0.001). 
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4.4.2 Experiment 2: Glasshouse pathogenicity testing of Calonectria, Dactylonectria 
and Ilyonectria spp. 
 
The effects of inoculation with Calonectria ilicicola, Dactylonectria spp. and Ilyonectria sp. 
isolates on avocado seedlings was tested in the glasshouse over 9 weeks. A significant 
difference among the mean plant heights was observed from 6 weeks post inoculation 
(P<0.001) (data not shown), where plants inoculated with Ca. ilicicola were significantly 
shorter than uninoculated plants, or those inoculated with Ilyonectria sp. and all isolates of 
Dactylonectria spp., and remained significantly shorter for the rest of the trial period. By 9 
weeks post inoculation Ca. ilicicola-inoculated plants were 24% shorter than uninoculated 
plants (Table 3). Plants inoculated with Ilyonectria sp. and Dactylonectria spp. were not 
significantly different in height to uninoculated plants across all time periods. However at 9 
weeks, wilting was observed in some plants inoculated with Dactylonectria spp. and Ca. 
ilicicola (data not shown). 
 
Plants inoculated with Ca. ilicicola had significantly reduced fresh weight and dry weight leaf 
and stem biomass compared to uninoculated plants, with a 33% reduced biomass (Table 3). 
Plants inoculated with Dactylonectria macrodidyma (BRIP 61349e) were statistically similar 
in leaf and stem biomass to Ca. ilicicola, with a 16.6 to 18.7% reduction in fresh weight and 
dry weight, respectively. However, Dactylonectria spp. and Ilyonectria sp. did not cause 
significant stunting or a reduction in biomass compared with uninoculated controls (Table 3). 
Root biomass of plants inoculated with Ca. ilicicola, Ilyonectria sp. and Dactylonectria spp. 
were not significantly different to uninoculated plants (P=0.071).  
 
Inoculation with Calonectria ilicicola and Dactylonectria spp. resulted in reduced avocado root 
health (Fig. 1), where the percentage of necrotic roots was significantly greater compared to 
uninoculated plants (Table 3). The percentage of necrotic roots after Ca. ilicicola-inoculation 
was significantly greater than any other treatment, 2.8 times higher than uninoculated controls 
and 1.3–2.2 times than plants inoculated with Ilyonectria sp. and Dactylonectria spp. Plants 
inoculated with all Dactylonectria spp. isolates had significantly more root necrosis than 
uninoculated controls, however those inoculated with Ilyonectria sp. had similar root necrosis 
to uninoculated controls (Table 3). 
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Fig. 1 – Root necrosis, symptoms of black root rot disease, in avocado cv. Reed seedlings inoculated with 
Calonectria ilicicola (above) and Dactylonectria macrodidyma (below).  
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Table 3. Effect of soil amendment with Dactylonectria and Ilyonectria spp. on growth of avocado seedlings cv. Reed and percentage of root necrosis at 9 weeks after inoculation.  
Amendment 
BRIP accession 
of fungal isolate 
 
Plant height 
(cm) 
Leaf + stem biomass (g) Root biomass (g) 
 
Root necrosis (%) Fresh Dry Fresh Dry 
Uncolonised media   38.6 ab  35.1 ab  11.3 ab 26.9 2.93  20.6 d 
Ca. ilicicola  BRIP 54018a  29.3 c  23.3 c  7.55 c 18.2 2.31  58.5 a 
Ilyonectria sp.  BRIP 61349d  36.8 ab  35.5 ab  11.1 ab 25.6 2.96  26.5 cd 
Dactylonectria anthuriicola  BRIP 60985  38.0 ab  36.9 a  12.0 a 27.5 3.31  34.5 bc 
D. macrodidyma  BRIP 61294a  36.4 ab  32.8 ab  10.3 ab 23.8 2.73  39.9 b 
D. macrodidyma  BRIP 61294b  40.0 a  35.3 ab  11.2 ab 25.1 2.90  33.3 bc 
D. macrodidyma BRIP 61349e  35.5 ab  29.3 bc  9.23 bc 20.9 2.42  42.8 b 
D. macrodidyma  BRIP 62001b  38.6 ab  35.7 a  11.3 ab 25.9 2.80  39.2 b 
D. novozelandica  BRIP 62000d  34.5 b  32.4 ab  10.3 ab 25.0 2.84  42.8 b 
D. pauciseptata  BRIP 61428d  37.9 ab  33.8 ab  10.2 ab 25.2 2.82  40.5 b 
Mean values within columns with the same letter are not significantly different (P<0.001). 
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4.4.3 Experiment 3: Glasshouse pathogenicity testing of Calonectria, 
Cylindrocladiella and Gliocladiopsis spp. 
 
Glasshouse experiments tested the effects of inoculation with Calonectria ilicicola, 
Cylindrocladiella pseudoinfestans and Gliocladiopsis peggii isolates on avocado seedlings 
over 5 weeks. By 5 weeks post inoculation, seedlings inoculated with Ca. ilicicola displayed 
symptoms of leaf wilt, tree stunting or death (Fig. 2).  A significant difference between the 
mean plant heights was observed at 5 weeks post inoculation, where plants inoculated with Ca. 
ilicicola (BRIP 54018a) were significantly shorter than the uninoculated group (Table 4) and 
those inoculated with all other isolates (P<0.001). The height of plants inoculated with Ca. 
ilicicola (BRIP 60982), Cy. pseudoinfestans (BRIP 60986) and G. peggii (BRIP 60987 and 
BRIP 60990) was not significantly different to uninoculated plants or each other. However 
plants inoculated with G. peggii (BRIP 60987) was significantly taller than the plants 
inoculated with Ca. ilicicola (BRIP 54018a). 
 
 
Fig. 2 – At 5 weeks post inoculation death (left), wilt (middle) and stunting (left & middle) caused by Calonectria 
ilicicola compared to uninoculated control plants (right). 
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Plants inoculated with Ca. ilicicola (BRIP 54018a and BRIP 60982) had significantly lower 
biomass compared to uninoculated controls (Table 4), with a 52% reduction in fresh weight 
leaf and stem biomass and a 77% reduction in fresh weight root biomass (Table 4). The leaf 
and stem biomass and root biomass of plants inoculated with G. peggii were not significantly 
different to those from uninoculated plants. The leaf and stem biomass of plants inoculated 
with Cy. pseudoinfestans was not significantly different to uninoculated plants, however the 
root biomass of Cy. pseudoinfestans-inoculated plants was significantly higher than 
uninoculated plants by approximately 21 percent. Plants inoculated with Ca. ilicicola had the 
highest percentage of necrotic roots compared to uninoculated plants, averaging 70–78% 
necrosis. Severity of root necrosis of Cylindrocladiella or Gliocladiopsis-inoculated plants was 
not significantly different to that of uninoculated plants (Table 4).    
 
All of the isolates were successfully reisolated from the roots in selected plant specimens, 
fulfilling Koch’s postulates. In all three trials, the uninoculated controls showed some measure 
of root discolouration which contributed to the percentage of necrotic roots in the root 
assessment. However no pathogens were isolated from selected uninoculated plant root 
samples. The root discolouration in uninoculated controls was due to suberisation rather than 
necrosis caused by disease. 
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Table 4. Effect of soil amendment with Calonectria, Cylindrocladiella and Gliocladiopsis spp. on growth of avocado seedlings cv. Reed and percentage of root necrosis at 5 
weeks after inoculation.  
Amendment 
BRIP accession 
of fungal isolate 
 
Plant height 
(cm) 
Leaf + stem biomass (g) Root biomass (g) 
Root necrosis (%) 
Fresh Dry Fresh Dry 
Uncolonised media   46.9 ab  21.3 a  5.84 a  12.9 b  1.31 b  22.2 b 
Ca. ilicicola  BRIP 54018a   38.1 c  11.1 b  3.58 b  3.12 c  0.42 c  78.1 a 
Ca. ilicicola  BRIP 60982  41.3 abc  10.2 b  3.88 b  2.93 c  0.46 c  70.6 a 
Cy. pseudoinfestans  BRIP 60986   45.2 abc  20.2 a  5.52 a  16.3 a  1.72 a  30.0 b 
G. peggii   BRIP 60987  48.2 a  21.9 a  5.99 a  14.8 ab  1.62 ab  34.0 b 
G. peggii  BRIP 60990  44.5 abc  20.0 a  5.66 a  14.1 ab  1.53 ab  24.9 b 
Mean values within columns with the same letter are not significantly different (P<0.001). 
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4.4.4 Experiment 4: Pathogenicity tests on avocado fruit with Calonectria, Ilyonectria 
and Dactylonectria spp.  
 
Experiment 4 tested the ability of Calonectria, Ilyonectria and Dactylonectria spp. to cause 
symptoms of necrosis in mechanically wounded and non-wounded sites of inoculated avocado 
cv. Hass fruit. Fruit skin were peeled after 10 dpi to observe and measure necrotic lesion 
development on the underside of inoculated sites. In 100% of mechanically wounded sites, all 
of the isolates tested produced a necrotic lesion on the underside of the fruit skin (Fig. 3). The 
fruit flesh located at the site of the wound was also necrotic. All isolates tested were successfully 
re-isolated from the necrotic fruit flesh in selected fruit, fulfilling Koch’s postulates.   
 
Approximately 58% (7 out of 12) of non-wounded sites inoculated with Ca. ilicicola from 
avocado (BRIP 54018a and BRIP 60982) developed necrotic lesions; four non-wounded sites 
out of 6 developed necrotic lesions in fruit inoculated with isolate BRIP 54018a, and 3 sites out 
of 6 developed necrotic lesions in fruit inoculated with isolate BRIP 60982. Fruit inoculated 
with papaya isolate Ca. ilicicola (BRIP 60992), did not develop lesions at non-wounded sites. 
However fruit wound-inoculated with all Ca. ilicicola isolates were observed to have a mass of 
mycelia growing at inoculation sites (Fig. 4). The mycelia was confirmed to be Ca. ilicicola.  
 
The Ilyonectria sp. and D. macrodidyma isolates did not cause necrotic lesions at non-wounded 
sites.  
 
Fig. 3 – Necrosis on the underside of cv. Hass fruit skin at 10 days post inoculation with Calonectria ilicola. There are 
four sites of inoculation: two mechanically wounded sections (A) and two non-wounded sections (B). 
B 
A 
A B 
    
125 
 
Fig. 4 – Development of Calonectria ilicicola mycelia at wound-inoculated sites at 4 days post inoculation (A) 
and 7 days post inoculation (B). 
 
Table 5 summarises the average diameter of necrotic lesions in wounded and non-wounded 
sites. Analysis of variance (ANOVA) on necrotic lesions in wound-inoculated sections found 
no significant difference in lesion diameters among the isolates (P=0.282) (Table 5). In non-
wounded sites, fruit inoculated with Ca. ilicicola isolate BRIP 54018a had significantly larger 
lesion diameters, than fruit inoculated with Ca. ilicicola isolate BRIP 60982 (P=0.014).  
 
Table 5. Average diameter of necrotic lesions in wounded and nd non-wounded sites of cv. Hass fruit measured 
at 10 days post inoculation.  
Inoculum 
BRIP 
accession of 
fungal isolate 
Host 
Average lesion diameter (cm) 
Mechanically 
wounded sites 
Non-wounded sites 
dH2O   0.00 0.00 c 
Ca. ilicicola BRIP 54018a Persea americana 2.87 1.75 a 
Ca. ilicicola BRIP 60982 Persea americana 3.13 0.75 b 
Ca. ilicicola BRIP 60992 Carica papaya 3.35 0.00 c 
D. macrodidyma BRIP 60979 Persea americana 2.88 0.00 c 
Ilyonectria sp. BRIP 60980 Persea americana 3.50 0.00 c 
Ilyonectria sp. BRIP 61349d Persea americana 2.96 0.00 c 
Lower case letters indicate significant differences between the means in non-wounded sites (P=0.014). Means 
were not significantly different in wounded sites (P=0.282).  
 
B A 
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4.5 Discussion 
 
Calonectria ilicicola was shown to be an aggressive pathogen of avocado seedlings, causing 
significant root rot, reduced plant and root biomass, stunting, wilt and death, within five weeks 
of inoculation in glasshouse experiments. This confirmed a previous study by Dann et al. 
(2012), who found significant stunting caused by Ca. ilicicola in avocado seedlings cv. Velvick 
from 3–14 weeks post inoculation and in cv. Hass from 10–19 weeks. Similar to this study, in 
the cv. Reed plants inoculated with Ca. ilicicola, significant root rot was found (Dann et al., 
2012). Calonectria ilicicola originally isolated from custard apple, papaya and peanut and a 
Calonectria sp. from blueberry, caused black root rot disease in avocado seedlings, which 
demonstrates that these species have a broad host range. This has not been reported previously 
and has significant implications for multi-species production nurseries and orchard disease 
management strategies.  
 
In this study, D. macrodidyma, D. novozealandica, D. pauciseptata and D. anthuriicola, caused 
significant root rot, but did not cause significant stunting in seedlings. A previous study 
demonstrated D. macrodidyma was pathogenic to avocado, causing wilting, root rot and tree 
death, two months after inoculation (Vitale et al., 2012), however plant height was not 
measured. This is the first report confirming the pathogenicity of D. macrodidyma, D. 
novozealandica, D. pauciseptata and D. anthuriicola on avocado trees in Australia, although 
Cylindrocarpon species have been previously isolated from avocado roots with black root rot 
in Australia (Dann et al., 2012). 
 
A number of the pathogenic Calonectria and Dactylonectria isolates were collected directly 
from roots of nursery trees or from young trees that had declined within a year after being 
transplanted into the orchard. Once nursery stock is contaminated with nectriaceous pathogens, 
the spread of disease is exacerbated by frequent irrigation (and over-irrigation), crowded 
seedling arrangements and poor nursery hygiene practices (Crous, 2002). Desiccation and 
unfavourable environmental conditions for fungal growth have little effect on the primary 
survival of propagules and microsclerotia (Sinclair & Backman, 1989), as these highly resistant 
resting structures can survive for several years, infesting soil and host debris, and will germinate 
or sporulate when conditions become favourable (Crous, 2002). Clean planting material is 
critical for preventing young tree deaths after transplanting (Dann et al., 2012, 2013). Australian 
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avocado growers are able to source trees from several nurseries registered and frequently tested 
under the Australian Avocado Nursery Voluntary Accreditation Scheme (ANVAS) and 
Nursery Industry Accreditation Scheme Australia (NIASA). Such planting material is certified 
to be free from the major root pathogens. 
 
Cylindrocladiella pseudoinfestans and Gliocladiopsis peggii isolates from avocado were not 
pathogenic. Cylindrocladiella pseudoinfestans increased root biomass but did not produce taller 
trees, while G. peggii did not cause any significant difference in growth parameters to the 
uninoculated controls. The isolates tested in this study are likely saprobic rhizosphere 
inhabitants (Lombard & Crous 2012) or root endophytes (Liu & Cai, 2013). Cylindrocladiella 
spp. are generally not regarded as important plant pathogens (Lombard et al., 2012). However 
Cy. parva was associated with avocado roots and cuttings in South Africa (Crous et al., 1991, 
Darvas, 1978, Van Coller et al., 2005), and the death of 3-year-old cv. Wurtz trees in Woombye, 
Australia in the 1980’s (Dann et al., 2012), although this species was not tested directly. 
Cylindrocladiella parva is reported as a common soil saprobe (Brown et al., 2013) associated 
with a number of hosts in genera such as Acacia, Eucalyptus, Pinus (Crous et al., 1991) and 
Vitis (Brown et al., 2013). The pathogenicity of Cy. parva to avocados remains unknown as 
pathogenicity experiments have never been reported, although based on the findings, it is 
unlikely to be responsible for severe root disease and tree death.  
 
The Ilyonectria sp. isolate from grapevine was closely related to I. liriodendri, a pathogen of 
grapevine (Cabral et al., 2012). This isolate had no effect on avocado seedlings, consistent with 
the findings of Dann et al. (2012). Although not directly pathogenic, Ilyonectria spp. are also 
reported as soil saprobes (Agustí-Brisach & Armengol, 2013) and their isolation from 
symptomatic avocado roots may be incidental.  
 
The fungal isolates identified in Chapter 2 and tested in Chapter 4 were collected from 
symptomatic roots of both nursery and orchard trees. The glasshouse pathogenicity experiments 
demonstrate that Calonectria and Dactylonectria spp. are pathogenic to young avocado trees 
growing in nursery-like conditions free from abiotic and other biotic stresses, while the other 
genera tested were not pathogenic. However it is possible that the non-pathogenic nectriaceous 
fungi may have a role in exacerbating tree mortality in the orchard, where there are 
environmental stresses, different management practices and other existing soilborne pathogens 
or saprotrophs. The glasshouse experiments with Dactylonectria spp. showed that symptoms 
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of disease may take longer to develop and can potentially be undetectable above-ground. Future 
research should investigate the epidemiology of nectriaceous fungal disease and avocado tree 
mortality in the orchard. 
 
There is a possibility that the pathogenic and other nectriaceous fungi found in association with 
young avocado orchard transplants, predispose their hosts to infection by more aggressive 
pathogens, such as Phytophthora cinnamomi. Co-infection studies on grapevine cultivars with 
Botryosphaeria spp. and I. liriodendri or D. macrodidyma significantly increased black foot 
disease severity compared to inoculation with I. liriodendri or D. macrodidyma alone 
(Whitelaw-Weckert et al., 2013). Similarly, synergistic pathogenicity between D. macrodidyma 
and Pythium irregulare was reported in apple seedlings; when co-inoculated, plants had 
significantly reduced plant weight and height, compared to inoculation with these species 
individually (Tewoldemedhin et al., 2011a). Speculatively, the prevalence of rapid death and 
decline of young avocado orchard transplants may be explained by previous infection with 
nectriaceous species in the nursery, followed by secondary infection by aggressive soilborne 
pathogens in the orchard.  
 
In Experiment 4, on avocado cv. Hass fruit, all of the Calonectria, Ilyonectria and 
Dactylonectria isolates caused symptoms of necrosis at inoculation sites on the fruit skin, and 
in the fruit flesh, of mechanically wounded sites of inoculation. This is the first report of 
nectriaceous fungi causing disease on avocado fruit. Calonectria ilicicola isolated from 
avocado was the only species that could successfully produce necrotic lesions in the non-
wounded sites of inoculation.  Although Ca. ilicicola from papaya could be isolated from 
wounded sites, the ability of the isolate to penetrate the unwounded fruit skin appears to be 
host-specific. The results also show variation in disease severity, with one Ca. ilicicola isolate 
(BRIP 54018a) causing significantly larger necrotic lesions in non-wounded sites, compared to 
another isolate of the same species (BRIP 60982). This is consistent with the findings in 
Experiment 3, when one Ca. ilicicola isolate (BRIP 54018a) caused significant stunting in 
avocado seedlings, while the other isolate of the same species (BRIP 60982), caused plant 
heights statistically similar to unamended control plants.   
 
Calonectria ilicicola infecting and being a major pathogen of avocado fruit is highly unlikely 
as this pathogen has never been isolated from fruit and the distribution of this pathogen is 
limited (See Chapter 2). Moreover, this species is mainly a soilborne pathogen of avocado trees 
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and spore dispersal by the wind or water splash to infect fruit is unlikely. However, an 
experiment was carried out on fruit to test whether a fruit-inoculation assay may be simpler 
than glasshouse pathogenicity tests on seedlings to determine the relative pathogenicity of 
various nectriaceous fungal species and isolates. This experiment needs to be repeated and with 
more nectriaceous isolates from the glasshouse study to confirm the fruit assay as a potential 
pathogenicity diagnostic.  
 
This study found further causal agents of black root rot disease of avocado trees in Australia. 
Chapter 5 and Chapter 6 applied the findings of this study to investigate the mechanism of 
pathogenicity of two key pathogens, Ca. ilicicola and D. macrodidyma, and developed a rapid 
molecular diagnostic for detection of these pathogens.   
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Chapter 5: Investigating nectriaceous culture filtrates for effects on plant 
growth and ability to facilitate disease development 
 
5.1 Abstract 
 
This study investigated the effects of Calonectria ilicicola and Dactylonectria macrodidyma culture 
filtrates on plant growth and ability to cause phytotoxic symptoms, in model tomato seedlings and 
avocado leaves, or facilitate fungal infection and disease development in avocado fruit. Model tomato 
seedlings in test tubes were observed for symptoms of disease development after 7 – 12 days treatment 
with culture filtrates (CF) of the fungal exudates produced by Ca. ilicicola or D. macrodidyma, or 
purified Brefeldin A (BFA), a known phytotoxin. Calonectria ilcicola and D. macrodidyma CF caused 
significant leaf wilt, chlorosis and necrosis (P<0.001) compared to plants treated with water. By the 
end of the trial period, the symptoms caused by undiluted Ca. ilicicola CF were similar to those caused 
by purified BFA, while the symptoms in plants treated with undiluted D. macrodidyma CF were 
significantly less severe. There were no significant effects of treating avocado leaves of glasshouse 
plants with culture filtrates of Ca. ilicicola or D. macrodidyma compared with controls.  The final 
experiment tested the ability of the culture filtrates to facilitate disease development by nectriaceous 
fungi in avocado cv. Reed fruit. There was inconclusive evidence to suggest disease symptom 
facilitation by nectriaceous fungal exudates on avocado cv. Reed fruit, as necrotic fruit lesions 
developed in all treatment groups, including fruit treated with unamended filtrates. This study 
demonstrated that Ca. ilicicola and D. macrodidyma, isolated from avocado black root rot, produce 
phytotoxic exudates which cause disease in model tomato seedlings.  
 
5.2 Introduction and Literature Review 
 
5.2.1 Introduction  
 
In Chapter 4, Calonectria and Dactylonectria spp. were demonstrated to cause black root rot in 
avocado seedlings. Calonectria ilicicola is reported to produce the phytotoxin, PF1070A (chemical 
formula C31H44N4O6) (Ochi et al., 2011), which inhibits root growth and causes leaf chlorosis in 
soybean (Ochi et al., 2011). Ilyonectria and Dactylonectria spp. have been reported to produce the 
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phytotoxin, Brefeldin A (BFA), which is also known as nectrolide or cyanein (chemical formula 
C16H24O4) (Evans et al., 1967, Frank, 1974, Weber et al., 2004, Whitelaw-Weckert et al., 2013). 
Brefeldin A is reported to inhibit mitosis in the root tips of onion (Allium cepa L.) (Frank, 1974) and 
in grapevine, BFA induces stunting of plant roots and shoots (Whitelaw-Weckert et al., 2013). 
Brefeldin A is also reported to inhibit the growth of competing endophytic fungi within the plant 
(Weber et al., 2004, Whitelaw-Weckert et al., 2013). While stunting caused by BFA can impede early 
plant development, BFA or other phytotoxins may have roles in suppressing plant defence systems 
and likely facilitates other fungal species infecting the xylem (Whitelaw-Weckert et al., 2013). This 
literature review will outline the studies which investigate the roles of phytotoxins produced by some 
fungal pathogens, including nectriaceous pathogens, in the facilitation and development of plant 
disease.  
 
5.2.2 Testing phytotoxins for effects on plant growth  
 
Cochliobolus spp., filamentous fungi, are well-known to produce host-specific phytotoxins including 
HC-toxin and Victorin (Baldwin et al., 1997, Wolpert et al., 1997). HC-toxin is a cyclic tetrapeptide, 
produced by Cochliobolus carbonum (Panaccione et al., 1992). The TOX2 gene locus for selective 
host-pathogenicity to Zea mays controls the production of HC-toxin (Panaccione et al., 1992). HC-
toxin is necessary for the infection of C. carbonum on Zea mays (Baldwin et al., 1997, Nikolskaya et 
al., 1995). TOX2 and the production of HC-toxin is therefore linked to pathogen-host interactions and 
pathogenicity (Nikolskaya et al., 1995, Panaccione et al., 1992). A study by Panaccione et al. (1992) 
on C. carbonum mutants lacking the HTS1 open reading frame, or contained disrupted HTS1, found 
that the fungal mutants did not produce HC-toxin. Cyclic peptide Cyl-2 is closely related to HC-toxin 
(Nikolskaya et al., 1995) and is reported to be produced by various Calonectria spp. including 
Cylindrocladium pteridis, Cy. macrosporum, and Cy. scoparium. (as Cylindrocladium in Crous, 2002, 
Hirota et al., 1973, Nikolskaya et al., 1995). The Cyl-2 sequences are reported to be similar to HTS1 
(Nikolskaya et al., 1995) and Cyl-2 is therefore thought to also have a role in selective host-
pathogenicity (Nikolskaya et al., 1995).  
 
The effects of phytotoxins on leaves have been directly tested in prior literature. Victorin, produced 
by Cochliobolus victoriae is a host-selective toxin (HST) which is essential for pathogenicity in oats 
(Avena sativa), in causing Victoria blight (Wolpert et al., 1997). Studies by Navarre and Wolpert 
(1999) investigated the molecular pathways induced by the treatment of oat leaves with Victorin. Oat 
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leaf slices treated with Victorin were incubated in the dark for 4 hr and the study found an accumulation 
of degraded Rubisco large subunit (LSU) and chlorophyll loss, which are hallmark symptoms of 
premature leaf senescence (Navarre & Wolpert, 1999, Wolpert et al., 1997). In Victorin-treated leaves, 
DNA-laddering, which typically results from apoptopic DNA fragmentation was also found, 
suggesting Victorin-induced apoptosis (Navarre & Wolpert, 1999, Wolpert et al., 1997). Moreover, 
oat susceptibility to Victorin is encoded by a single gene in the plant and non-HST producing C. 
victoriae isolates are therefore not pathogenic to their respective host (Wolpert et al., 1997). Cell-free 
culture filtrates of Cochliobolus victoriae were found to cause the same symptoms of disease in oats 
and host specificity as fungal isolates of C. victoriae (Meehan & Murphy, 1947, Wheeler, 1955, 
Wolpert et al., 1997). 
 
Studies by Weber et al. (2004) directly tested the effects of BFA produced by Phoma medicaginis on 
root and shoot growth on germinating seeds of Setaria italica (family Poaeceae), Lepidium sativum 
(family Brassicaceae), Medicago sativa and M. trunculata (family Fabaceae). BFA was purified from 
crude extract and identified with high performance liquid chromatography (HPLC) (Weber et al., 
2004). Seeds of each plant were placed on a range of filter disks containing purified BFA of 
concentrations between 6.7 µg/ml and 1005 µg/ml, and incubated in the dark for 48 hours and then 
under fluorescent light for 24 hours prior measurement of emerging  roots and shoots. Setaria italica, 
Medicago sativa and M. trunculata had a 50% reduction of root and shoot lengths at BFA 
concentrations as low as 6.7–33.5 µg/ml. Concentrations of 335 µg/ml and 30 µg/ml, respectively, was 
necessary to reduce the shoot and root length of Lepidium sativum by 50% compared with the untreated 
control (Weber et al., 2004). However, the phytotoxin was generally more severe on roots than shoots 
across all plant species (Weber et al., 2004). The concentration of purified BFA from crude extracts 
was quantified to be 20 mg/l. In vitro studies demonstrated inhibition of growth of several potential 
competing saprobic fungi following exposure to BFA concentrations as low as 50–250 µg/ml (Weber 
et al., 2004).  
 
Evans et al. (1967) tested BFA (reported as Nectrolide), identified with thin-layer chromatography, 
and purified from Ilyonectria destructans (as Cylindrocarpon destructans in Evans et al., 1967), on 
growth of germinated blackbutt (Eucalyptus pilularis) seeds. Germinated seeds were placed in 
specimen tubes containing 20 ml solidified agar containing BFA at concentrations ranging between 0 
µg/ml to 8 µg/ml and their root and shoot development were measured after an unknown period of 
time. At concentrations of 2–4 µg/ml obvious stunting and root blackening of germinated seedlings 
were observed compared to plants in non-BFA media. At concentrations of 6–8 µg/ml a positive 
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correlation between concentration and symptom severity was observed with seedling growth inhibited 
entirely. That is stunting was more severe, no roots developed and shoots did not develop from 
cotyledons (Evans et al., 1967).  
 
A study by Ochi et al. (2011) aimed to isolate and identify a phytotoxin from Calonectria ilicicola of 
soybean and analyse its role in soybean red crown rot. The study identified with HPLC, a four amino-
acid cyclic peptide named PF1070A (chemical formula C31H44N4O6) (Ochi et al., 2011). The study 
demonstrated a positive correlation between PF1070A concentration and severity of disease 
symptoms. Aliquots of purified PF1070A, at concentrations of 50–500 µg/ml in sterile distilled water, 
were placed in glass culture tubes to test for the development of disease symptoms on the roots of 
germinated soybeans (Glycine max cv. Tachinagaha). The seedlings were suspended in the tubes with 
the roots immersed in the liquid for four days. The fresh root biomass was subsequently measured and 
compared to the roots of seedlings that had been treated with water. This experiment was repeated on 
the first true leaves of soybean seedlings of the same cultivar except after one week, the leaves were 
assessed for development of chlorosis. The study found that with increasing concentration of 
PF1070A, root mass declined and leaf chlorosis was more severe (Ochi et al., 2011).  
 
Other toxins produced by Calonectria spp. (as Cylindrocladium spp. in the following literature) 
include cytochalasans, chaetoglobosin A and its derivative 19-O-acetylchaetoglobosin A, which is 
produced by Calonectria morganii (Wallbrunn et al., 2001). Wallbrunn et al. (2001) identified these 
compounds with electrospray ionisation mass spectrometry (ESI-MS) and nuclear magnetic resonance 
spectroscopy (NMR). These phytotoxins were originally described for Chaetomium globosum 
(Wallbrunn et al., 2001), an endophytic fungus found in the leaves of Ginkgo biloba (Qin et al., 2009) 
and commonly isolated from rotting plant material (Sekita et al., 1973, Wallbrunn et al., 2001). 
Chaetoglobosin A produced by Chaetomium globosum is reported to significantly inhibit the growth 
of brine shrimp (Artemia salina) and fungus, Mucor miehei (Qin et al., 2009). The ability of the 
cytochalasans in Wallbrunn et al.’s (2001) study to cause symptoms or inhibit growth was not tested. 
However in an earlier study by Ichihara et al. (1996), Chaetoglobosin A, C and O produced by 
Cylindrocladium floridanum, identified with electron-impact high-resolution mass spectrometry (EI-
HRMS) and NMR, were found to be inhibitory to plant root growth and shoot growth of alfalfa 
(Medicago sativa) seedlings (Ichihara et al., 1996).  
 
In the PhD research, Calonectria ilicicola is reported to cause stunting, necrotic roots and reduced root 
biomass in avocado (Dann et al., 2012), and both Ca. ilicicola and D. macrodidyma are reported to 
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cause black root rot symptoms such as leaf wilt & chlorosis and root necrosis (Dann et al., 2012, Vitale 
et al., 2012). However the exudates produced by these fungal pathogens have not yet been tested as 
agents causing these symptoms. The studies described above demonstrated the feasibility of several 
methods to directly test potentially phytotoxic compounds as causal agents of plant disease symptoms.  
 
5.2.3 Facilitation of disease by nectriaceous pathogens  
 
A disease survey of Australia’s Riverina wine region reported a decline in young grapevines in the 
vineyards and a study was conducted to find the pathogens causing the decline, the sources of infection, 
and the long-term impact the pathogens had on grapevine growth and productivity (Whitelaw-Weckert 
et al., 2013). Twenty vineyards were surveyed and found that 95% of the roots of sampled rootstocks 
were infected with Ilyonectria liriodendri and Dactylonectria macrodidyma (as Ilyonectria 
macrodidyma in Whitelaw-Weckert et al., 2013) which are important grapevine pathogens that cause 
black foot disease. In 100% of rootstocks sampled, Botryosphaeriaceae fungi (mainly Diploidia 
seriata) were also isolated from the rootstock trunk, graft union and scion (Whitelaw-Weckert et al., 
2013). The study demonstrated that secondary infection with Botryosphaeriaceae, is a major 
contributor to grapevine decline (Whitelaw-Weckert et al., 2013). The co-infection disease pathway 
tends to begin with initial infection of rootstock cuttings at the graft union with Botryosphaeriaceae 
fungi and is spread during propagation of grafted vines, followed by root infection with nectriaceous 
fungi in nursery soil (Whitelaw-Weckert et al., 2013). As a result the reported nectriaceous pathogens 
disrupts root function, while botryosphaeriaceeous pathogens attacks the xylem (Whitelaw-Weckert 
et al., 2013). Phytotoxin Brefeldin A is hypothesised to facilitate the process, attributing to the decline 
and eventual grapevine death (Whitelaw-Weckert et al., 2013) although this was not directly tested. 
However, the study identified, with HPLC, the production of BFA by I. liriodendri and D. 
macrodidyma grapevine isolates and correlated production of BFA with facilitation of disease 
(Whitelaw-Weckert et al., 2013). 
 
The study by Whitelaw-Weckert et al. (2013) modelled the potential long-term impacts of young 
grapevine decline in the field when exposed to co-infection by multiple pathogens. Glasshouse co-
infection pathogenicity experiments involved drenching the roots of nine one-year-old cv. Chardonnay 
grapevines with a liquid suspension of D. macrodidyma fungal inoculum (1 x 106 conidia/ml). Seven 
weeks post inoculation, 10 ml aliquots of D. seriata was added to the surface pots previously inoculated 
with D. macrodidyma. At 16 weeks post inoculation with D. seriata, the plants were uprooted and the 
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roots assessed for disease. Plants inoculated with D. macrodidyma alone had a significant decrease in 
shoot length (43%), shoot biomass (50%), number of leaves (42%) and root biomass (66%). Plants co-
inoculated with D. macrodidyma and D. seriata had a significant further reduction in leaf biomass 
(63%); total number of leaves (21%) and root health rating (29%) than plants inoculated with D. 
macrodidyma only (Whitelaw-Weckert et al., 2013). Total leaf biomass was significantly lower in co-
inoculated plants than D. macrodidyma-inoculated plants. Although the sample size was small and the 
number of trials performed is unknown, the experiment illustrated the potential for reduced 
productivity of young vines during early field establishment when infected in the nursery and then 
planted in potentially infested soil.  
 
Whitelaw-Weckert et al. (2013) further demonstrated this impact by assessing co-infected vines in the 
field over three years. A disease assessment of 30 five-year-old cv. Chardonnay grapevines diseased 
with both D. macrodidyma and D. seriata at the time of planting, compared to 30 healthy Chardonnay 
vines of the same age, was performed in the field between 2008–2011 (Whitelaw-Weckert et al., 2013). 
The diseased vines had consistently lower fruit yields by 37–69% and 33–62% lower bunch numbers 
per plant than the symptomless vines (P<0.001). Diseased plants also had ~45% shorter shoots and 
38% lower pruning weights throughout the seasons (P<0.001). These findings not only highlight the 
significant decrease in production due to infection in the nursery (and co-infection) but also 
demonstrate that underlying plant-pathogen interactions that occur.  
 
The study by Whitelaw-Weckert et al. (2013) is a valuable resource for understanding the impact of 
nursery disease on production in the field, and the concepts covered in this study can be applied to 
investigating tree mortality in avocados. Co-infection may result in more severe symptoms and earlier 
tree death in avocados. Similar investigations in nursery avocado trees tested co-infection of 
Ilyonectria destructans (as Cylindrocarpon destructans in Snyman et al., 1984) with Phytophthora 
cinnamomi on cv. Duke 7 avocado rootstock. The study found more severe root rot symptoms in co-
inoculated plants compared to plants inoculated with a single pathogen (Snyman et al., 1984).  
 
The ability of nectriaceous fungal phytotoxins in facilitating disease in avocados does not yet appear 
to have been tested.  
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5.2.4 Research questions and aims 
 
This study investigated the research question: 
“Are the nectriaceous pathogens producing phytotoxic exudates and do these exudates facilitate 
infection and disease development?” 
 
This investigation aimed to:  
1. Determine whether culture filtrates of Calonectria ilicicola and Dactylonectria macrodidyma 
contain phytotoxins causing development of disease-like symptoms in model tomato seedlings 
and avocado fruit and leaves.  
2. Determine whether the exudates produced by Calonectria ilicicola facilitate disease 
development in avocado fruit when co-inoculated with Dactylonectria macrodidyma (and vice 
versa).  
 
It is hypothesised that the studied nectriaceous pathogens exude phytotoxins into liquid culture media, 
and that these compounds contribute to pathogenicity. However any phytotoxic compounds produced 
in the nectriaceous fungal exudates have not been isolated or identified, as the investigation does not 
aim to determine which phytotoxins are present. Rather the study aims to demonstrate that the 
pathogens are producing an agent causing disease.   
 
The experimental methods used tomato seedlings as test plants for rapidly demonstrating phytotoxicity 
caused by fungal exudates. Submersion of tomato seedling roots in test tubes containing fungal 
exudates could model what is observed in avocado seedlings in the glasshouse within a significantly 
shorter time frame. Avocado leaves were included in the experimental investigation as a potential rapid 
test for avocado sensitivity to phytotoxic fungal exudates. Facilitation of disease by phytotoxic fungal 
exudates was investigated through co-treating avocado fruit with nectriaceous fungal isolates and 
culture filtrates. 
 
5.3 Materials and Methods 
 
5.3.1 Experiment 1: In vitro testing of fungal culture filtrates on tomato seedlings 
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Preparation of culture filtrates and Brefeldin test solutions, tomato seedlings and in vitro 
experiment 
 
Fungal isolates of Calonectria ilicicola (BRIP 54018a) and Dactylonectria macrodidyma (BRIP 
61349e) were grown on half-strength potato dextrose agar amended with 200 ppm streptomycin 
(sPDA) for 7–10 days under near UV light (12 hr light/ 12 hr darkness). A 1 cm3 plug of sPDA was 
added to conical flasks, each containing 200 ml of 20% strength potato dextrose broth (PDB). The 
flasks were placed on a 120 rpm shaker at room temperature for 7 days prior to experimentation. The 
treatment groups are listed in Table 1.  
 
At 7 days post incubation, the liquid media was filtered twice through cheesecloth to remove mycelia, 
and distributed into 50 ml conical centrifuge tubes. The tubes were centrifuged at 7000 rpm for 10 
min, then 40 ml of supernatant was collected and dispensed into new conical centrifuge tubes. The 
supernatant was centrifuged for a second time and used as culture filtrate (CF) treatment media. The 
treatment media consisted of 20 ml undiluted culture filtrate, or 20 ml diluted culture filtrate in 20% 
PDB.  
 
A solution of 10 mg/l of Brefeldin A (BFA) was prepared by dissolving purified BFA (Sigma-Aldrich 
Australia, Castle Hill, NSW) in 0.1% v/v dimethyl sulfoxide (DMSO). Appropriate control treatments 
were 20% PDB, sd water and 0.1% v/v DMSO.  A summary of treatment solutions is presented in 
Table 1.  
 
Table 1. Experiment 1: List of treatment groups and isolates tested. 
Treatment Group Concentration 
sd water  - 
Potato Dextrose Broth (PDB)  20% 
Dimethyl sulfoxide (DMSO)  0.1% v/v  
Brefeldin A (BFA) 10 mg/l BFA in 0.1% v/v DMSO 
Calonectria ilicicola CF 
(undiluted) 
20 ml CF in 20% PDB 
Calonectria ilicicola CF (1:2 
dilution) 
10 ml CF in 20% PDB + 10 ml 20% PDB  
Dactylonectria macrodidyma CF 
(undiluted)  
20 ml CF in 20% PDB 
Dactylonectria macrodidyma CF 
(1:2 dilution) 
10 ml CF in 20% PDB + 10 ml 20% PDB  
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The experiment with tomato (Solanum lycopersicum) model plants investigated whether Calonectria 
ilicicola culture filtrates, Dactylonectria macrodidyma culture filtrates, or BFA, cause phytotoxic 
symptoms. All treatment groups contained 10 tomato test plants, except for BFA which contained 5 
plants. A preliminary trial (Trial 1) was conducted to optimise the methodology. Seventy seedlings of 
cv. ‘Roma VF’ tomatoes were grown in seed raising potting mix until 10–15 cm in height. Seedlings 
were uprooted and submerged in water to remove the excess potting mix. The roots of each plant were 
surface sterilised by submerging in 20% ethanol for 3 mins, followed by washing twice in sd water 
and blotting the roots dry. Each tomato seedling was placed in a test tube containing 20 ml of test 
solution as outlined in Table 1, except that Brefeldin A was not tested. The test tubes were covered 
with a piece of cotton wool around the tomato stalk, to maintain moisture and reduce the evaporation 
of test solution (Fig. 1). The test plants were stored in growth cabinets under artificial light (12 hours 
light/ 12 hours darkness) at 26°C and 50% humidity. Plants were observed for development of 
phytotoxic symptoms which include leaf wilt, chlorosis and necrotic lesions. The percentage of leaves 
that were wilted and chlorotic, or contained necrotic lesions, was recorded at 3, 5 and 7 days post 
treatment. 
 
 
Fig. 1 – Test tube apparatus with cotton wool covering the tube to maintain moisture and reduce evaporation of test media.  
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In the second and third trials, 75 cv. ‘Cherry Tomato’ seedlings in seed raising potting soil obtained 
from Pohlman’s Nursery (Gatton, Queensland) of approximately 6–10 cm in height were selected for 
testing. The plants were prepared as described in the preliminary trial, however modifications to the 
experiment included covering each test tube with a small plastic zip-lock bag above the tube to 
maintain moisture and reduce the evaporation (Fig. 2); and recording symptom development daily 
from 3–12 days post treatment. At 12 days post treatment, or upon seedling death, the plants were 
removed from the test tubes and the biomass (g) of fresh whole plants were measured. The plants were 
dried at 55°C for 24 hours and the biomass (g) of dry whole plants were measured.  
 
 
Fig. 2 – Test tube apparatus with a plastic zip-lock bag covering the tube to maintain moisture and reduce evaporation of 
test media. 
 
Statistical analyses 
 
All three experiments were statistically analysed separately using the software, GenStat (18th edition, 
VSN International Ltd) as there was some minor variance in the trends in the experimental trials. 
Leaf wilt, chlorosis or lesion symptom development over time was analysed by a Repeated Measures 
Analysis of Variance (ANOVA) and plant biomasses were analysed with ANOVA. Fisher’s Least 
Significant Difference (LSD) at P<0.05 ranked the means.    
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5.3.2 Experiment 2: In planta testing of fungal culture filtrates on avocado leaves  
 
Preparation of culture filtrates, glasshouse avocado seedlings and in planta experiment 
 
Growth of fungal cultures and preparation of culture filtrates were carried out as described in Section 
5.3.1. Avocado cv. Reed seedlings were grown in the glasshouse for 3–6 months or until approximately 
50 cm high and 12 plants were selected for testing. In all of the test plants, 4 young leaves and 4 mature 
leaves were each treated with one of the 4 treatment groups: sd water, 20% PDB, Ca. ilicicola CF in 
20% PDB and D. macrodidyma CF in 20% PDB. Treatment with CF, PDB and sd water was carried 
out on 10 plants by spraying 5 labelled sections of the underside of each leaf with a single treatment, 
using a gas-pressure airbrush and blotting with a tissue to remove the excess liquid. The remaining 2 
avocado cv. Reed seedlings were selected for an alternative treatment method via injection. Five 
labelled sections of the underside of each leaf were injected with a syringe attached to a clamp and 
approximately 1 ml of treatment solution was administered to the leaf section, followed by blotting the 
excess liquid on the leaf surface. The plants were maintained in the glasshouse (27°C day/ 16°C night, 
natural day length) for 7 days. At 14 days after treatment, plants were assessed for symptom 
development. One trial of this experiment was performed.    
 
Statistical analyses 
 
This experiment was observed for symptom development and no statistical analysis was performed.  
 
5.3.3 Experiment 3: In vitro testing of fungal culture filtrates on avocado leaves 
 
Preparation of culture filtrates, avocado leaves and in vitro experiment 
 
The culture filtrates and glasshouse avocado seedlings were prepared as described in Section 5.3.1 and 
the treatment groups were the same as in Experiment 2. Young and mature leaves of avocado cv. Reed 
approximately 10 cm long were collected from glasshouse seedlings. Ten ml of each treatment solution 
was added to conical centrifuge tubes and a single young or mature leaf, or leaf which had been cut 
transversely in half (5 cm length) through the mid vein, to promote uptake of the exudate through the 
damaged tissue, was placed into the tube, immersing only the base of the leaf in the filtrate. The tubes 
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were maintained on a laboratory bench at room temperature for 7 days with the lid loosely placed on 
the tube. Symptom development or other observations were recorded at 7 days post treatment.  
 
Statistical analyses 
 
This experiment observed for symptom development and no statistical analysis was performed.  
 
5.3.4 Experiment 4: Testing the effect of simultaneous treatment of avocado fruit with culture 
filtrates and fungal pathogen  
 
Preparation of isolates, culture filtrates, avocado fruit and experimental environment 
 
Fungal isolates and culture filtrates were prepared as outlined in Section 5.3.1, except that fungi were 
grown in liquid media for 10 d and not 7d.  Mature avocado cv. ‘Reed’ fruit were prepared by washing 
in water and detergent (1 ml/l) to remove copper fungicide residue and then rinsed in water. The fruit 
were surface sterilised by spraying with 70% ethanol and air dried at room temperature. Table 2 
summarises the treatment groups, with each treatment group containing 5 fruit. Three ~2 cm diameter 
circles were drawn on each fruit with a permanent marker pen, and a 25 µl droplet of culture filtrate 
(or uncolonised 20% PDB as a control) was placed in the centre of each circle. Fruit were then 
inoculated with Ca. ilicicola or D. macrodidyma either immediately, or 24 h later, by placing a 0.5 
cm3 plug of colonised agar (or uncolonised sPDA as a control) on top of the 25 µl droplet and covered 
with clear adhesive tape. The fruit were incubated at 26°C for 4 days in sealed boxes lined with wet 
blotting paper to promote a humid environment for fungal infection. At 4 days post incubation all fruit 
were transferred to avocado storage boxes where the fruit was ripened at 26°C for 3 days, a total of 7 
days treatment. At 7 days post treatment the fruit were peeled to observe necrotic lesion development 
on the underside and measure the lesion diameter at the sites of treatment. One trial of this experiment 
was undertaken.  
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Table 2. Experiment 4: List of treatment groups containing culture filtrates and fungal isolates tested. 
Treatment 
Group Name 
Culture filtrate test solution Fungal inoculation 
A 20% PDB  uncolonised sPDA 
B 20% PDB  Calonectria ilicicola 
C 20% PDB  Dactylonectria macrodidyma 
D Calonectria ilicicola CF in 20% PDB Dactylonectria macrodidyma 
E Dactylonectria CF in 20% PDB Calonectria ilicicola 
F Calonectria ilicicola CF in 20% PDB uncolonised sPDA 
G Dactylonectria CF in 20% PDB uncolonised sPDA 
 
Statistical analyses 
 
Each fruit were treated as a single replicate. Lesion diameters at the underside of 3 treated sections of 
each fruit were measured as length (a) and width (b) and the average was taken for each fruit. The 
average length and width were converted to the area of an ellipse [Area=π*(a/2)*(b/2)], to represent 
the spherical or irregular shape of a necrotic lesion. The data were analysed in GenStat (18th edition, 
VSN International Ltd) with an ANOVA and Fisher’s Protected LSD at P<0.05 ranked the means.  
 
5.4 Results 
 
5.4.1 Experiment 1: In vitro testing of fungal culture filtrates on tomato seedlings  
 
Experiment 1 tested for the development of wilt, chlorotic and necrotic leaf symptoms as a percentage 
of symptomatic leaves in model tomato seedlings after treatment with culture filtrates (CF) and BFA. 
 
Trial 1    
 
In Trial 1 a significant difference in cv. Roma VF tomato leaf health was observed from 3 days post 
treatment (dpt) (P<0.001) (Table 3). Across all time points, leaves of plants treated with Ca. ilicicola 
CF were significantly more chlorotic, wilted and necrotic than plants treated with water, 0.1% v/v 
dimethyl sulfoxide (DMSO) and unamended 20% potato dextrose broth (PDB). By 7 dpt, the leaves 
of plants treated with Ca. ilicicola CF were approximately 83–86.5% wilted, chlorotic or necrotic, 
which was 76–80% more symptomatic than plants inoculated with water, 70–74% more than DMSO 
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and 28–32% more than PDB (Table 3, Fig. 3). There was no significant difference between 
symptomatic leaves of plants treated with undiluted Ca. ilicicola CF and diluted Ca. ilicicola CF.  
 
The leaves of plants treated with undiluted D. macrodidyma CF were significantly more chlorotic, 
wilted or necrotic than plants treated with water or DMSO across all time points. By 7 dpt leaves of 
plants treated with D. macrodidyma CF were 61–69% more symptomatic than plants treated with 
water, 55–62.5% more than DMSO plants and 13–20% more than PDB plants. However across all 
time points there was no significant difference between symptomatic leaves of plants treated with 
diluted D. macrodidyma CF or PDB. At 3dpt, plants treated with undiluted D. macrodidyma CF had a 
significantly higher percentage of symptomatic leaves, by 16.2%, than plants treated with diluted D. 
macrodidyma CF. However from 5–7 dpt, there was no significant difference in leaf symptoms 
between plants treated with either concentration of D. macrodidyma. Across all time points there was 
no difference in leaf health between plants treated with water or DMSO. The leaves of plants treated 
with unamended PDB became significantly wilted, chlorotic and necrotic over time, with 55% 
symptomatic leaves, 49% more symptomatic than plants treated with water and 42% more 
symptomatic than DMSO plants. 
 
Table 3. Trial 1: Effect of Calonectria ilicicola and Dactylonectria macrodidyma culture filtrates on phytotoxic symptom 
development in tomato cv. Roma VF leaves.  
Treatment Incidence of leaf phytotoxicity (%) at days post treatment (dpt) 
3 dpt 5 dpt 7 dpt 
sd H2O  3.5 c 2.5 d 6.1 d 
DMSO (0.1% v/v) 7.0 c 6.5 d 12.9 d 
20% PDB 11.3 bc 17.0 cd 55.0 c 
Ca. ilicicola CF 
(undiluted) 
83.6 a 82.1 a 82.9 a 
Ca. ilicicola CF 
(1:2 dilution) 
69.3 a 81.3 a 86.5 a 
D. macrodidyma CF 
(undiluted) 
26.2 b 42.2 b 75.4 ab 
D. macrodidyma CF 
(1:2 dilution) 
10.0 c 26.6 bc 67.6 bc 
Phytotoxicity symptoms were scored as a percentage of leaves which had wilted, become chlorotic or necrotic out of the 
total leaves. Letters (LSDs) at each time point indicate significant differences between the means. 
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Fig. 3. – Trial 1 ‘Roma VF’ tomato seedlings at 7 days post treatment (dpt). Treatment groups were sd water (A), DMSO 
(B), PDB (C), undiluted Calonectria ilicicola CF (D), diluted Calonectria ilicicola CF (E), undiluted Dactylonectria 
macrodidyma CF (F) and diluted Dactylonectria macrodidyma CF (G).    
 
Trial 2 
 
In cv. Cherry tomatoes in Trial 2, symptom development of leaf wilt, chlorosis or necrosis resulting 
from treatment with culture filtrates were similar to Trial 1. However the leaves of tomato plants 
treated with BFA showed different symptoms, with abundant black lesions developing throughout the 
leaf surface, followed by wilt and chlorosis of leaves prior to seedling death (Fig. 4). It was also 
observed that symptoms became progressively worse with time regardless of treatment, and rapid 
deterioration in plant health was observed after 7 days in seedlings treated with unamended 20% PDB.  
 
There were significant differences among treatments in incidence of phytotoxic symptoms on Cherry 
tomato from 4 days after treatment. There were significantly more leaves with such symptoms from 
BFA and each concentration of Ca. ilicicola culture filtrates than sd water, 0.1% v/v DMSO or 20% 
unamended PDB control treatments (Table 4). Fewer leaves treated with D. macrodidyma CF exhibited 
phytotoxic symptoms than those treated with Ca ilicicola CF or BFA, however the incidence was 
significantly different only from BFA-treated plants. 
A B C 
D E 
F G 
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From 6–12 dpt, plants treated with undiluted Ca. ilicicola CF or BFA had statistically similar high 
incidences of leaves with phytotoxic symptoms reaching 97–100% by the end of the trial period at 12 
days after treatment (Table 4; Fig. 4). From 9 dpt all of the plants treated with BFA had reached 100% 
phytotoxic symptoms of wilted, chlorotic or necrotic leaves. Leaves of plants treated with diluted Ca. 
ilicicola CF were significantly less symptomatic than plants inoculated with undiluted Ca. ilicicola 
CF, with 16.5% less severe symptoms by 12 dpt. By 12 dpt, leaves of plants treated with D. 
macrodidyma CF were significantly more symptomatic than plants treated with water, by 34–57.5%.  
From 3–8 dpi there was no significant difference in the severity of phytotoxic leaf symptoms in plants 
treated with diluted or undiluted D. macrodidyma CF. However from 9–12 dpt, the leaves of plants 
treated with diluted D. macrodidyma CF were significantly more symptomatic than leaves of undiluted 
D. macrodidyma CF, averaging 86.5% symptomatic leaves compared to 63% in undiluted test samples 
(Table 4). By 12 dpt the leaves of plants treated with undiluted D. macrodidyma CF were significantly 
less symptomatic than leaves of plants treated with PDB by 33%. However leaves of plants treated 
with diluted D. macrodidyma CF were not significantly different to leaves of plants treated with PDB. 
By 12 dpt, leaf symptoms in plants treated with PDB were statistically similar to Ca. ilicicola CF and 
BFA-treated plants. Leaf symptoms of plants treated with DMSO were not significantly different to 
plants treated with water from 3–10 dpi, however from 11–12 dpi DMSO-treated plants were 
significantly more symptomatic.    
 
 
Fig. 4 – Trial 2 ‘Cherry Tomato’ seedlings at 6 dpt with one plant treated with BFA (left) showing chlorotic leaves with 
leaf lesions; a plant treated with undiluted Calonectria ilicicola CF (middle) showing wilted and chlorotic leaves; and a 
plant treated with water (right) showing green, healthy leaves. 
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Trial 3 
 
Symptom development in leaves of cv. Cherry Tomato plants in Trial 3 was similar to what was 
observed in Trial 2. By 12 dpt all treatments, except DMSO, caused leaf symptoms of wilt, chlorosis 
or necrosis at significantly higher proportions than plants treated with water (P<0.001). Although 
plants treated with BFA reached 100% symptomatic leaves by 7 dpt, at this time point leaves of plants 
treated with undiluted Ca. ilicicola CF were 72.5% symptomatic, significantly lower than BFA-treated 
plants and remained significant until 12 dpt (Table 5). At 12 dpt, leaf symptom severity caused by 
undiluted Ca. ilicicola CF were statistically similar to that caused by BFA, reaching 91.5% disease. 
From 3–10 dpt leaves of plants treated with diluted Ca. ilicicola CF were significantly less 
symptomatic than in plants treated with undiluted Ca. ilicicola CF. However at 11 and 12 dpt 
symptoms were not significantly different. From 3–9 dpt leaves of plants treated with undiluted Ca. 
ilicicola CF were significantly more symptomatic than plants treated with PDB by 18% at 9 dpt. At 
10–12 dpt leaf symptoms were statistically similar in plants treated with diluted and undiluted Ca. 
ilicicola CF and PDB. From 3–9 dpt and 12 dpt, plants treated with diluted D. macrodidyma exudates 
were statistically similar to plants treated with PDB. From 3–7 dpt leaves of plants treated with 
undiluted D. macrodidyma were statistically similar to plants treated with PDB. From 8–9 dpt, leaves 
of plants treated with undiluted D. macrodidyma were significantly less symptomatic than plants 
treated with PDB by 19–21%. However from 10–12 dpt there was no significant difference in leaf 
symptoms between these treatment groups. At 12 dpt all plants treated with Ca. ilicicola exudates, D. 
macrodidyma exudates and PDB were not significantly different.  
 
Fig. 5 – Trial 3 ‘Cherry Tomato’ seedlings at 5 dpt with one plant treated with water (left) showing healthy leaves, and the 
other plant treated with undiluted Calonectria ilicicola CF (right) showing wilted, chlorotic leaves.  
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Table 4. Trial 2: Effect of Calonectria ilicicola and Dactylonectria macrodidyma culture filtrates on phytotoxic symptom development in tomato cv. Cherry Tomato leaves. 
Phytotoxicity symptoms were scored as a percentage of leaves which had wilted, become chlorotic or necrotic out of the total leaves. Letters (LSDs) at each time point indicate 
significant differences between the means. 
  
Treatment 
Incidence of leaf phytotoxicity (%) at days post treatment (dpt) 
3 dpt 4 dpt 5 dpt 6 dpt 7 dpt 8 dpt 9 dpt 10 dpt 11 dpt 12 dpt 
sd H2O  0.5 2.5 c 8.0 c 9.5 d 12.5 e 13.5 d 16.3 e 17.0 de 21.0 e 29.0 e 
DMSO (0.1% v/v) 0.5 5.5 c 11.5 c 15.0 cd 17.5 de 20.1 d 25.6 de 28.4 cd 37.8 d 44.8 d 
20% PDB 0.5 4.5 c 8.0 c 17.3 cd 31.5 cd 56.3 b 74.1 b 86.0 ab 90.0 a 96.0 a 
Ca. ilicicola CF 
(undiluted) 
6.0 24.1 ab 42.3 b 63.8 a 76.3 a 84.0 a 92.5 a 93.5 a 94.0 a 97.5 a 
Ca. ilicicola CF 
(1:2 dilution) 
4.0 21.8 ab 32.1 b 40.3 b 44.3 b 52.8 bc 58.0 c 63.0 b 72.5 b 81.0 b 
D. macrodidyma CF 
(undiluted) 
0.5 14.5 bc 19.3 bc 26.8 c 35.4 bc 39.1 c 38.7 d 40.4 c 55.5 c 63.0 c 
D. macrodidyma CF  
(1:2 dilution) 
1.5 12.0 bc 16.8 c 24.2 c 34.4 bc 51.4 bc 64.3 bc 77.0 b 83.5 ab 86.5 ab 
BFA (10 mg/l BFA in 
0.1% v/v DMSO) 
11.0 34.6 a 64.0 a 75.0 a 85.0 a 91.0 a 100.0 a 100.0 a 100.0 a 100.0 a 
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Table 5. Trial 3: Effect of Calonectria ilicicola and Dactylonectria macrodidyma culture filtrates on phytotoxic symptom development in tomato cv. Cherry Tomato leaves.  
Treatment 
Incidence of leaf phytotoxicity (%) at days post treatment (dpt) 
3 dpt 4 dpt 5 dpt 6 dpt 7 dpt 8 dpt 9 dpt 10 dpt 11 dpt 12 dpt 
sd H2O  1.5 c 6.5 c 12.5 d 16.8 e 18.0 e 21.3 d 22.0 d 27.1 e 29.8 d 30.8 c 
DMSO (0.1% v/v) 2.5 c 6.0 c 9.5 d 15.0 e 17.8 e 19.3 d 23.4 d 26.9 e 28.6 d 33.4 c 
20% PDB 5.0 c 7.0 c 13.5 d 22.3 de 35.6 cd 48.7 c 56.6 c 66.5 cd 76.1 c 84.5 b 
Ca. ilicicola CF 
(undiluted) 
30.1 a 41.1 a 50.3 b 66.0 b 72.5 b 75.5 b 77.5 b 78.5 bc 83.0 bc 91.5 ab 
Ca. ilicicola CF 
(1:2 dilution) 
12.5 bc 19.8 bc 32.6 c 43.4 c 49.6 c 54.1 c 56.0 c 61.6 d 71.5 c 78.5 b 
D. macrodidyma CF 
(undiluted) 
4.0 c 8.0 c 12.0 d 25.1 de 27.2 de 29.9 d 35.4 d 59.6 d 74.0 c 81.0 b 
D. macrodidyma CF  
(1:2 dilution) 
5.5 c 14.5 bc 24.0 cd 34.8 cd 42.2 cd 52.7 c 57.0 c 83.5 b 91.0 ab 93.0 ab 
BFA (10 mg/l BFA in 
0.1% v/v DMSO) 
22.0 ab 39.0 a 69.0 a 93.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 100.0 a 
Phytotoxicity symptoms were scored as a percentage of leaves which had wilted, become chlorotic or necrotic out of the total leaves. Letters (LSDs) at each time point indicate 
significant differences between the means.  
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Plant biomass in Trial 2 and Trial 3 
 
Fresh and dry plant biomass was measured in trials 2 and 3 at 12 dpt or on plant death (Table 
6). In trial 2, plants treated with PDB, fungal CFs or BFA had significantly lower fresh biomass 
than plants treated with water or DMSO (P<0.001). There was no significant difference in fresh 
biomass in plants treated with BFA, undiluted Ca. ilicicola CF, diluted Ca. ilicicola CF and 
diluted D. macrodidyma CF. Plants treated with diluted Ca. ilicicola CF and undiluted D. 
macrodidyma CF were not significantly different in fresh biomass to plants treated with PDB. 
All plants treated with fungal CFs or BFA had significantly lower dry biomass than plants 
treated with water (P=0.002). The dry biomass of plants treated with water, DMSO and PDB 
were statistically the same. The dry biomass of plants treated with diluted Ca. ilicicola CF and 
undiluted D. macrodidyma CF were statistically the same. Plants treated with undiluted Ca. 
ilicicola CF, diluted D. macrodidyma CF and BFA had significantly lower dry biomass than 
plants treated with PDB. In trial 3 the fresh biomass of plants treated with D. macrodidyma 
CFs, PDB or DMSO were not significantly different to the biomass of plants treated with water. 
Plants treated with Ca. ilicicola CFs or BFA had significantly lower fresh biomass than plants 
treated with water (P=0.004). The fresh biomass of plants treated with Ca. ilicicola CFs were 
not significantly different to plants treated with PDB, while plants treated with BFA had 
significantly lower fresh biomass than plants treated with PDB. In trial 3 all dry biomasses 
were statistically the same (P=0.087).  
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Table 6. Trial 2 and Trial 3: Effect of treating cv. Cherry tomatoes with Calonectria ilicicola and Dactylonectria 
macrodidyma culture filtrates, or BrefeldinA, on fresh and dry plant biomass (g) measured at 12 days post 
treatment or upon seedling death. 
Treatment 
Plant Biomass (g) 
Trial 2 Trial 3 
Fresh Weight Dry Weight Fresh Weight Dry Weight 
sd H2O 2.08 a 0.14 a 1.68 a 0.13 
DMSO (0.1% v/v) 1.90 a 0.12 abc 1.53 ab 0.12 
20% PDB 1.38 bc 0.13 ab 1.42 abc 0.16 
Ca. ilicicola CF (undiluted) 0.92 d 0.09 cd 1.15 bc 0.14 
Ca. ilicicola CF (1:2 diluted) 1.10 cd 0.10 bc 1.13 cd 0.15 
D. macrodidyma CF (undiluted) 1.50 b 0.10 bc 1.39 abc 0.14 
D. macrodidyma CF 
(1:2diluted) 
0.89 d 0.07 d 1.50 abc 0.16 
Brefeldin A (10 mg/l BFA in 
0.1% v/v DMSO) 
0.93 d 0.09 cd 0.76 d 0.09 
Letters (LSDs) in each column indicate significant differences between the means.  
 
Observations on the effects of culture filtrates on secondary root growth 
 
Secondary root growth was observed, but not measured, throughout the experiment. Plants 
inoculated with water or DMSO produced healthy, long and abundant secondary roots which 
were white in colour. The majority of plants inoculated with Ca. ilicicola exudates did not 
produce secondary roots, with comparatively minimal and short, stunted secondary roots in 
plants that did. The primary roots of plants inoculated with D. macrodidyma exudates turned 
brown and there were stunted, necrotic secondary root growth compared to healthy plants 
treated with water (Fig. 6). Plants treated with unamended PDB produced secondary root 
growth, but the growth were not as abundant as the roots in plants treated with water or DMSO.    
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Fig. 6 – Trial 3 ‘Cherry Tomato’ seedlings at 10 dpt with one plant treated with water (left) showing healthy 
leaves, cream to white primary roots (among soil) and abundant, fully developed white secondary roots; and the 
other plant treated with Dactylonectria macrodidyma undiluted culture filtrate (right) showing chlorotic leaves, 
brown primary roots and stunted necrotic secondary roots.    
 
5.4.2 Experiment 2: In planta testing of fungal culture filtrates on avocado leaves 
 
Experiment 2 examined the effects of treating avocado cv. Reed leaves with culture filtrates of 
pathogens, Calonectria ilicicola and Dactylonectria macrodidyma. By 14 days after treatment, 
plants with leaves injected with culture filtrates, sd water and PDB had completely wilted and 
in one test plant, developed leaf chlorosis on all treated leaves, irrespective of treatment (Fig. 
7). Plants treated by spraying did not show symptoms of phytotoxicity, with treated leaves 
showing mechanical damage from the air pressure, but no evidence of necrosis resulting from 
the culture filtrates. These plants had remained healthy throughout the duration of the 
experiment.  
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Fig. 7 – Leaf wilt and chlorosis on avocado cv. Reed seedlings at 14 dpt, treated by injecting culture filtrate, sd 
water or PDB into the leaf epidermis.  
  
5.4.3 Experiment 3: In vitro testing of fungal culture filtrates on avocado leaves 
 
Experiment 4 observed whether symptoms on avocado cv. Reed leaves would develop after 
soaking in fungal culture filtrates from pathogens, Calonectria ilicicola and Dactylonectria 
macrodidyma, in water or in 20% PDB.  
 
In the whole mature leaves and whole young leaves, there was no observable evidence of 
phytotoxic effects  (eg. leaf lesions, chlorosis and necrosis), however signs of microbial growth 
as black fungal colonies on the leaf surface was found in leaves treated with PDB, Ca. ilicicola 
CF and D. macrodidyma CF (Fig. 8). The black fungal colonies were not isolated or quantified, 
however there were observably less fungal colonies in the leaves treated with D. macrodidyma 
CF compared to the leaves treated with PDB or Ca. ilicicola CF. The amount of observed black 
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fungal colonies were roughly equal between leaves treated with PDB or Ca. ilicicola CF. 
Bacterial growth was also observed in the young whole leaf treated with Ca. ilicicola CF.  
 
 
Fig. 8 – Whole mature leaves of avocado cv. Reed seedlings in test tubes containing inoculum: sd water (far left), 
20% PDB (centre left), Calonectria ilicicola CF (centre right) and Dactylonectria macrodidyma CF (far right).  
 
In mature and young leaves which had been cut in half, phyototoxic symptoms had not 
developed. However there was evidence of minute necrosis at the leaf mid-vein where the cut 
was made, in leaves treated with PDB, Ca. ilicicola CF and D. macrodidyma CF. Similar 
observations were found in cut leaves, with abundant black fungal colonies forming on the leaf 
surface of PDB and Ca. ilicicola CF-treated leaves (Fig. 9). Observably fewer colonies were 
found in leaves treated with D. macrodidyma CF, with no fungal growth observed in the young 
cut leaf treated with D. macrodidyma CF.  
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Fig. 9 – Cut mature leaves of avocado cv. Reed seedlings in test tubes containing inoculum: sd water (far left), 
20% PDB (centre left), Calonectria ilicicola CF (centre right) and Dactylonectria macrodidyma CF (far right).  
 
5.4.4 Experiment 4: Testing the effect of simultaneous treatment of avocado fruit with 
culture filtrates and fungal pathogen  
 
This experiment tested whether fungal culture filtrates from Calonectria ilicicola and 
Dactylonectria macrodidyma facilitate disease development on avocado cv. Reed fruit. Fruit 
sections were treated with culture filtrates followed by inoculation with Ca. ilicicola or D. 
macrodidyma fungal isolates. At 7 days post inoculation, necrotic lesions which had developed 
on the fruit skin (Fig. 10) at the site of inoculation were measured (from the underside). Within 
each treatment group, half of the fruit (5 plants) were treated simultaneously with culture 
filtrate and pathogen, and the other 5 plants had pathogen added 24 hours after incubation with 
culture filtrate. Initial Analysis of Variance (ANOVA) found no significant difference in lesion 
size within individual treatment groups that had been co-inoculated or inoculated 24 hours after 
exposure to culture filtrates. Therefore all 10 replicates per treatment group were combined for 
an ANOVA. 
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Fig. 10 – Necrotic lesions developed at the site of inoculation at 7 dpi in avocado cv. Reed fruit. Inoculum used 
in this fruit specimen was Dactylonectria macrodidyma exudate co-inoculated with Calonectria ilicicola fungal 
mycelia.   
 
The mean lesion area (cm2) measured at 7 days post inoculation is summarised in Fig. 11. 
Necrotic lesions developed on fruit from all treatment groups, although there were significant 
differences (P<0.05) in lesion sizes. Significantly larger lesions developed on fruit treated with 
Ca. ilicicola CF + uncolonised sPDA (Treatment F), than on fruit from all other treatments 
(Fig. 11).  Significantly smaller lesions developed on fruit treated with Ca. ilicicola CF + D. 
macrodidyma (Treatment D) than all other treatments, with the exception of PDB + D. 
macrodidyma fungal isolate (Treatment C). Lesions on fruit treated with PDB + Ca. ilicicola 
(Treatment B), PDB + D. macrodidyma (Treatment C), D. macrodidyma CF + Ca. ilicicola 
(Treatment E) and D. macrodidyma CF + uncolonised sPDA (Treatment G) were statistically 
similar to fruit treated with PDB + uncolonised sPDA (unamended media; Treatment A) (Fig. 
11).   
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Fig. 11 – Mean lesion area (cm2) at 7 days post inoculation (P<0.05), on the underside of fruit skin of avocado 
cv. Reed treated with (A) PDB + uncolonised sPDA, (B) PDB + Calonectria ilicicola, (C) PDB + Dactylonectria 
macrodidyma, (D) Calonectria ilicicola CF + Dactylonectria macrodidyma, (E) Dactylonectria macrodidyma CF 
+ Calonectria ilicicola, (F) Calonectria ilicicola CF + uncolonised sPDA and (G) Dactylonectria macrodidyma 
CF + uncolonised sPDA. 
 
5.5 Discussion 
 
The aim of the study was to determine if phytotoxic fungal metabolites affecting plant health 
are exuded into the culture filtrates of Calonectria ilicicola and Dactylonectria macrodidyma. 
The ability of the exudates to cause disease symptoms in tomato and avocado leaves, and 
whether the CFs facilitate disease symptom development in avocado fruit was investigated. 
Experiment 1 demonstrated that Ca. ilicicola and D. macrodidyma produce exudates which 
cause phytotoxic symptoms in tomato seedlings. In this experiment on tomato seedlings, the 
Ca. ilicicola culture filtrates caused death and phytotoxic symptoms in plants faster and more 
severely than the culture filtrates produced by D. macrodidyma. Symptoms caused by undiluted 
Ca. ilicicola CF were statistically similar to disease caused by purified 10 mg/l Brefeldin A (a 
concentration that is half of what is reportedly produced in planta (Weber et al., 2004), 
demonstrating the potency of Ca. ilicicola exudates on plant phytotoxicity. The ability of these 
fungal pathogens to produce phytotoxic exudates is supported by prior studies by Evans et al. 
(1967), Weber et al. (2004) and Ochi et al. (2011). Tomato biomass wasn’t significantly 
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affected by exudates produced by D. macrodidyma, however significant leaf disease was found. 
Studies on grapevine in Australia have shown that shoot growth was not affected by root 
inoculation with D. macrodidyma, although significant root rot resulted (Whitelaw-Weckert et 
al., 2013), similar to what was found in this study. 
  
The purified BFA tested on tomatoes resulted in complete seedling death by 7–9 days post 
treatment. Prior literature suggests that D. macrodidyma produces this phytotoxin (Whitelaw-
Weckert et al., 2013) although it has not been directly studied or isolated. The findings of this 
study did not demonstrate the same phytotoxic effects in plants treated with D. macrodidyma 
CFs as the plants treated with purified BFA. As it is not known what phyototoxic compounds 
are produced from this study, if D. macrodidyma produced BFA, it was unlikely to be produced 
at concentrations as high as the tested purified BFA (10 mg/l). Moreover the BFA tested in this 
study was in purified form and may not represent the true pathogenicity effects as BFA 
produced in crude fungal exudates. The phytotoxic compounds produced by the studied 
nectriaceous pathogens need to be isolated, characterised, quantified and directly tested to 
provide a clearer understanding of what is causing the necrosis or microbial inhibition and at 
what concentration.  
 
Concentration effects were observed in plants treated with culture filtrates. Diluted Ca. ilicicola 
CF took slightly longer to produce severe phytotoxic symptoms than the undiluted Ca. ilicicola 
CF. Nevertheless the findings demonstrate that Ca. ilicicola produces phytotoxic fungal 
exudates. Plants inoculated with 1:2 dilution of D. macrodidyma CF were significantly more 
symptomatic than plants treated with the undiluted CF. The symptom severity in diluted D. 
macrodidyma CF-treated plants were found to be statistically similar to plants inoculated with 
unamended PDB. While the symptom severity of plants treated with undiluted D. macrodidyma 
CF varied when compared against the symptoms caused by PDB. That is, in trial 2, plants 
inoculated with undiluted D. macrodidyma CF were significantly less symptomatic than plants 
inoculated with PDB; in trial 1 the symptoms were more severe in plants treated with undiluted 
D. macrodidyma CF compared to plants treated with PDB; and in trial 3 undiluted D. 
macrodidyma CF-treated plants were statistically similar to plants treated with PDB. Therefore 
there is no conclusive evidence from this experiment to support the hypothesis that D. 
macrodidyma produces phytotoxic fungal exudates. A quantitative study characterising and 
quantifying any phytotoxic fungal metabolites present in the culture filtrates could provide a 
better understanding of whether D. macrodidyma produces phytotoxins.  
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In Experiment 1, the PDB provided growth media for soil, root and air microbes to thrive and 
it was found that tomato plants growing in the PDB nutrient media eventually became 
symptomatic and rapidly deteriorated. It is an interesting observation that tomato plants 
growing in undiluted D. macrodidyma CF did not develop symptoms at the same rate as plants 
inoculated with unamended PDB. If both test media are PDB-based, and the media containing 
D. macrodidyma exudates is slower to produce disease, it is hypothesised that D. macrodidyma 
are producing anti-microbial exudates. This supports prior literature which suggests that 
Dactylonectria and Ilyonectria spp. produce antimicrobial agents which inhibit competing 
microorganisms in the rhizosphere (Weber et al., 2004, Whitelaw-Weckert et al., 2013). 
Similarly in the Experiment 3, although only one trial was conducted with limited treatment 
replication, the in vitro leaf experiments revealed some observational evidence of potential 
antimicrobial properties in exudates produced by D. macrodidyma. Leaves soaking in D. 
macrodidyma CFs had no microbial growth or minimal microbial growth compared to leaves 
soaking in Ca. ilicicola CFs or unamended PDB. Although these were observational findings, 
not quantified or statistically analysed, it supports what is reported in the literature (Evans et 
al., 1967, Ochi et al., 2011, Weber et al., 2004, Whitelaw-Weckert et al., 2013) and the 
observations in the tomato experiment. However these observations are not sufficient evidence 
to directly demonstrate antimicrobial activity in this study. Therefore future experiments 
should test whether the fungal exudates inhibit the growth of fungal organisms.  
 
It is hypothesized that the D. macrodidyma fungal exudates are also directly pathogenic, 
causing necrosis and stunted root growth as observed in the tomatoes (Fig. 6). However the 
similarity of plants treated with 1:2 dilutions of D. macrodidyma CFs and plants treated with 
unamended PDB, suggest that diluted D. macrodidyma exudates may not be strong enough to 
cause rapid disease or overcome competing microbes. That is, any potential antimicrobial 
activity of the exudate could be masked by the favourable growth conditions of PDB. Therefore 
perhaps the disease observed in these plants could be due to the growth media, rather than the 
exudate. Conversely diluted Ca. ilicicola exudates are potent enough to cause disease without 
the aid of nutrient media for microbial growth.  
 
The leaf experiments in the glasshouse (Experiment 2) showed no evidence of leaf disease 
symptoms in plants that were spray-treated with fungal culture filtrates. Future research should 
repeat the experiment and analyse the molecular effects, rather than observable effects, of leaf 
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treatment with potentially phytotoxic nectriaceous culture filtrates. Wolpert et al. (1997) 
demonstrated early leaf senescence symptoms after 4 hours incubation with phytotoxin, 
Victorin, via cleavage of the protein Rubisco, which is associated with senescence (Wolpert et 
al., 1997). The study measured the total protein extracts stained with commassie blue in 
Victorin-treated leaves versus control leaves (Wolpert et al., 1997). The protein Rubisco was 
purified and sequenced, and cleavage of the N-terminal 14 amino acid sequence was found. To 
demonstrate the effects of Victorin-induced senescence, oat leaves were incubated with 
Victorin and protease inhibitors, resulting in the inhibition of Rubisco proteolysis (Wolpert et 
al., 1997). The study further demonstrated phytotoxic effects on oat leaves by measuring 
chlorophyll loss in Victorin-treated leaves, and observing DNA laddering in gel electrophoresis 
(Navarre and Wolpert, 1999, Wolpert et al., 1997). The methods by Wolpert et al. (1997) could 
be applied in future research on the effects of nectriaceous culture filtrates on avocado leaves.  
 
Experiment 4 tested the ability of nectriaceous fungal exudates to facilitate disease symptom 
development in avocado cv. Reed fruit. There was no evidence to suggest Ca. ilicicola CF 
facilitates infection by D. macrodidyma, as the fruit developed lesions that were not 
significantly different to fruit inoculated with D. macrodidyma fungal mycelia alone. This was 
also found in fruit co-treated with D. macrodidyma CF and Ca. ilicicola fungal mycelia. That 
is, D. macrodidyma and Ca. ilicicola were both able to cause necrotic lesions at inoculation 
sites without the facilitation of phytotoxic fungal exudates. In fact, all treatment groups tested 
were able to cause lesion development. The PDB and PDA growth media may have served as 
ample sources for fungal growth of post-harvest pathogens, which potentially skewed the 
findings. 
 
The cultivar Reed may be more susceptible to infection by the pathogens in this study than 
other varieties. If thicker-skinned fruit varieties such as Hass were used, any facilitation 
occurring could be better demonstrated. However, the results did demonstrate that fruit co-
inoculated with Ca. ilicicola CF and unamended PDB significantly resulted in the largest lesion 
size. It is postulated that Ca. ilicicola exudates exacerbate symptom development by post-
harvest pathogens, such as Colletotrichum spp. (Dann et al., 2013). A future experiment could 
test this by repeating the experiment, and using only uncolonised PDA co-inoculated with 
fungal exudates or uncolonised PDB, comparing the lesion sizes produced, and isolating any 
post-harvest pathogens from necrotic tissue.  
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Future directions in this research theme would be to characterise the phytotoxic and 
antimicrobial exudates produced by the studied nectriaceous pathogens, and compare the 
relative phytotoxicity of culture filtrates from different Ca. ilicicola isolates. Studies by 
Ichihara et al. (1996), Wallbrunn et al. (2001), Weber et al. (2004), Ochi et al. (2011) and 
Whitelaw-Weckert et al. (2013) have provided established methods of isolating and identifying 
phytotoxic exudates produced by nectriaceous fungi, and these methods could be adopted in 
future research. High Performance Liquid Chromatography (HPLC) (Ochi et al., 2011, Weber 
et al., 2004, Whitelaw-Weckert et al., 2013),  Electrospray Ionisation Mass Spectrometry (ESI-
MS) (Wallbrunn et al., 2001), Electron-Impact High-Resolution Mass Spectrometry (EI-
HRMS) (Ichihara et al., 1996), Nuclear Magnetic Resonance (NMR) spectroscopy (Ichihara et 
al., 1996, Wallbrunn et al., 2001) and thin-layer chromatography (Evans et al., 1967) are 
examples of some of the tools which could be used. By knowing some of the phytotoxins 
produced by these pathogens from studies in the literature, we could identify and measure these 
phytotoxin concentrations and correlate pathogenicity with what has been reported. 
 
A study by Evans et al. (1967) watered BFA onto the roots of blackbutt (Eucalyptus pilularis) 
seedlings growing in forest soil. Within 24 hours the phytotoxin was detected in the roots using 
thin layer chromatography (Evans et al., 1967). Phytotoxins such as BFA appear to be readily 
absorbed by plant roots and future experiments could investigate whether the fungal exudates 
from Ca. ilicicola and D. macrodidyma cause stunting and other black root rot symptoms in 
avocado seedlings. In this study, Ca. ilicicola was demonstrated to produce strong phytotoxic 
exudates, causing wilt in tomatoes within 3 days post treatment. The results of this study 
confirm that the pathogens are producing agents which cause disease.  
 
Further glasshouse experimental studies conducted by periodically drenching the top soil in 
fungal culture filtrate, PDB or water and measuring avocado seedling heights weekly may 
provide a better understanding of the mechanism of fungal exudate pathogenicity on avocado. 
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Chapter 6: Development of a loop-mediated isothermal amplification 
(LAMP) diagnostic for the rapid detection of nectriaceous pathogens 
 
6.1 Abstract 
 
Current methods for identifying causal agents of black root rot disease in avocado involve 
isolating from necrotic, symptomatic roots, identifying the fungal genus by microscopy, 
followed by identification to species-level with gene sequencing, which can take weeks for a 
confirmed diagnosis. A loop-mediated isothermal amplification (LAMP) diagnostic method 
was developed for rapidly identifying nectriaceous pathogens in avocado roots. LAMP primers 
were designed from β-tubulin and Histone H3 gene sequence data of, Calonectria ilicicola and 
Dactylonectria macrodidyma, respectively. The LAMP primers were tested for specificity and 
sensitivity on sixty-five fungal isolates, which included the target species, Ca. ilicicola and D. 
macrodidyma; and non-target species, Calonectria sp., D. anthuriicola, D. novozelandica, D. 
pauciseptata, D. vitis, Cylindrocladiella sp., Cy. pseudoinfestans, Gliocladiopsis sp., G. peggii, 
G. whileyi, Ilyonectria sp., Mariannaea sp., M. humicola, Fusarium sp. and Phytophthora 
cinnamomi. The LAMP diagnostic for both target species was sensitive and specific at DNA 
concentrations of 0.001 ng/µl. Detection of Ca. ilicicola occurred within 10–11, 15–17 or 20–
40 minutes when the template was pure DNA, pure fungal culture or necrotic avocado roots 
inoculated with Ca. ilicicola, respectively. Detection of D. macrodidyma was within 15–16 
minutes with pure DNA extracts and 17–18 minutes with fungal cultures. The specificity of 
the diagnostic in detecting D. macrodidyma was found to be dependent on time, with optimal 
specificity occurring in reactions under 30 minutes.  
 
6.2 Introduction and Literature Review 
 
6.2.1 Preventing loss of production through diagnosis of disease  
 
Chapter 4 demonstrated that avocado black root rot disease can potentially be undetected in 
young nursery trees as above ground symptoms of stunting and wilt may not show in plants 
infected with nectriaceous pathogens such as Dactylonectria spp. Mass distribution of infected 
nursery plants can have a devastating impact when transplanted in orchard soils (Sankaran et 
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al., 2010) and rapid detection of plant pathogens is crucial for preventing loss of production 
(Sankaran et al., 2010). The Australian Avocado Nursery Voluntary Accreditation Scheme 
(ANVAS) involves testing by plant pathologists for a nursery to maintain disease-free 
accreditation. Standard diagnostic practices include diagnosing disease from symptomatic 
plant tissue, isolating and culturing the causal agents on selective media and identification of 
microbial species by microscopy. In instances where a suspected pathogenic isolate is difficult 
to identify with microscopy alone, for example the studied nectriaceous genera which have 
similar morphological structures, molecular techniques are now available, and have been 
extremely useful to aid accurate identification. However, identifying causal agents of disease 
to species level by isolating from diseased tissue, growing pure culture on selective media, 
microscopy, DNA extraction, PCR and sequencing, requires time, specialised skills and can 
take several days to weeks to achieve a diagnosis (Niessen, 2015, Notomi et al., 2015).  
 
Nucleic acid amplification techniques are recognised as powerful molecular tools (Vincelli & 
Tisserat, 2008) and are widely used in plant molecular diagnostics (López et al., 2009, Notomi 
et al., 2015). There is demand for rapid, sensitive and specific methods for early detection of 
plant diseases (Sankaran et al., 2010) to enable faster implementation of disease management 
strategies and reduce commercial loss (Fang & Ramasamy, 2015). This literature review will 
outline, critique and compare some widely used molecular, serological and biomarker-based 
diagnostic methods in plant pathology.  
 
6.2.2 Overview of molecular diagnostic methods in plant pathology 
 
Nucleic acid techniques 
 
PCR-based techniques 
The Polymerase chain reaction (PCR) exponentially amplifies billions of copies of target 
sequences of DNA (Vincelli & Tisserat, 2008) through multiple cycles of DNA denaturation 
by heating, which creates single, template strands of both the original and complementary 
sequence (denaturation); followed by cooling to allow PCR primers to anneal to the strands 
(annealing); then heating, allowing DNA polymerase to synthesise new strands of DNA from 
the primer sequences, which are complementary to the template strands (extension). PCR is 
one of the most commonly used molecular techniques in disease diagnostics (Sankaran et al., 
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2010). PCR amplicons undergo gel electrophoresis, the gel is stained with an intercalating 
agent and the results visualised in a UV transilluminator (Sharman et al., 2000). PCR is the 
foundation of nucleic acid-based detection (Vincelli & Tisserat, 2008) and the main advantage 
of PCR-based diagnostics is high specificity and sensitivity for detecting the presence or 
absence of target DNA (Fang & Ramasamy, 2015, López et al., 2009, Vincelli & Tisserat, 
2008).  
 
Some of the PCR-based diagnostic technologies that arose from conventional PCR include 
multiplex PCR, real-time PCR, nested PCR and reverse transcription PCR (RT-PCR). 
Multiplex PCR enables detection of multiple target species in a single reaction and the different 
target species are distinguished on the gel by different DNA band sizes (Henegariu et al., 1997). 
Real-time PCR is one of the fastest nucleic acid-based methods of detection available and 
pathogen presence is quantifiable (Vincelli & Tisserat, 2008). Real-time PCR removes the need 
for visualising results on a gel as detection is visualised and quantified in real-time through an 
oligonucleotide probe which emits fluorescence in proportion to the amount of amplicons 
present (Vincelli & Tisserat, 2008). Nested PCRs increase the sensitivity of conventional PCRs 
where a second round of thermocycling is performed with internal PCR primers amplifying 
DNA within the sequence length of the first primer set (Vincelli & Tisserat, 2008). RT-PCR 
enables detection of viruses and other microorganisms which use RNA as genetic material 
(Nolan, 2004). Instead of catalysis by DNA polymerase, RT-PCR is catalysed by the enzyme 
reverse transcriptase (Nolan, 2004), which converts a single strand of RNA into a 
complementary DNA strand, enabling routine PCR to then be performed (Nolan, 2004).  
 
In PCR-based diagnostics, accuracy, rather than time to result, is of importance (Niessen, 2015) 
and the procedure generally requires nucleic acid extraction protocols in order to produce 
successful detection (López et al., 2009), with the overall procedure often being elaborate, 
time-consuming, labour-intensive (Sankaran et al., 2010), requiring specialised skill and a 
laboratory (Niessen, 2015) and uses expensive reagents and laboratory equipment (Notomi et 
al., 2015). Nevertheless the PCR protocol is an accurate and standard diagnostic practice.  
 
Restriction fragment length polymorphisms (RFLP) and amplified fragment length 
polymorphism (AFLP)  
Restriction Fragment Length Polymorphisms (RFLP) of DNA can be used to identify pathogen 
species and relies on the availability of a comprehensive database of variability in fragment 
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length polymorphisms among isolates of individual species (Vincelli & Tisserat, 2008). 
Amplified Fragment Length Polymorphisms (AFLP) of DNA is a modification of RFLP and 
can identify species as well as examine genotypic diversity, which is useful for studying the 
origin of pathogens associated with disease outbreaks (Vincelli & Tisserat, 2008). Both 
techniques are powerful diagnostic tools but are laborious and technically demanding, and not 
suitable for routine diagnostic use (Vincelli & Tisserat, 2008). Since a database of 
polymorphisms has not been developed for the fungal isolate collection in PhD study, this 
technology will not be considered further. 
 
Sequencing 
PCR amplicons are often sequenced through a commercial sequencing laboratory for species 
identification and can take 24 hours to up to a week for results to be returned (Vincelli & 
Tisserat, 2008). The returned sequences are uploaded into a genetic database such as GenBank 
and compared to uploaded reference sequences for confirming species identity (Vincelli & 
Tisserat, 2008). The disadvantage of relying on genetic databases for confirming species 
identity is the risk of misdiagnosis due to target sequences having identity with erroneous 
database sequences. DNA barcoding of a species, where unique protein-coding sequences of 
an individual species is used for identification (Vincelli & Tisserat, 2008), can help to reduce 
the risk of misidentification. However the availability of the DNA barcode is subject to the 
research done on any species of interest.  
 
Arrays 
Oligonucleotide arrays contain pathogen-specific nucleotide sequences fixed to a nylon or 
nitrocellulose membrane or glass slide (Úrbez-Torres et al., 2015, Vincelli & Tisserat, 2008). 
Sample DNA is amplified by PCR; florescence, silver or chemiluminscence-labelled; and the 
target pathogen sequence is hybridized to the array and detected with spectroscopy (Alexandre 
et al., 2001, Lakowicz, 1984, Úrbez-Torres et al., 2015, Vincelli & Tisserat, 2008). One study 
on developing a macroarray for detecting the pathogens causing grapevine decline, including 
nectriaceous fungi, Ilyonectria liriodendri and Dactylonectria macrodidyma, was able to detect 
the pathogens from PCR-amplified DNA extractions of fungal isolates collected from 
inoculated soil and grapevine tissue (Úrbez-Torres et al., 2015). Arrays are useful in plant 
disease detection as multiple pathogens in a single sample can be detected at once in an array 
(Vincelli & Tisserat, 2008). DNA Macroarrays are useful in plant disease diagnosis as the 
    
172 
 
technology is highly sensitive, able to detect multiple species at once and generally does not 
require specialised equipment (Vincelli & Tisserat, 2008). 
 
Fluorescent in situ hybridization (FISH)  
Fluorescent in situ hybridization (FISH) is a nucleic acid-based technique for detecting 
microbial infection directly in plant tissue. DNA-probes hybridize to pathogen-specific 
ribosomal RNA (rRNA) in infected plant tissue and fluorescence is detected by microscopy. 
(Fang & Ramasamy, 2015). The advantages of FISH is that it is highly sensitive; single-cell 
sensitivity enables probe binding to all ribosomes in the sample and non-culturable pathogens 
are able to be detected (Fang & Ramasamy, 2015).  However, some disadvantages of FISH is 
that it has low specificity (auto-fluorescence), resulting in false positive detection, and also 
false negative results (Fang & Ramasamy, 2015).     
 
Loop-mediated isothermal amplification (LAMP) 
Loop-mediated isothermal amplification (LAMP) is a rapid, highly specific and sensitive 
nucleic acid amplification technique which uses auto-cycling strand displacement DNA 
synthesis (Notomi et al., 2000). LAMP is catalysed by the Bst DNA polymerase and uses 4 
primers which recognise 6 specific sequences on the target DNA (Notomi et al., 2000). The 
reaction is initiated by an inner primer, which contains the sense and anti-sense strand sequence 
of target DNA, called the F1 and F2 or B1 and B2 sequence (Notomi et al., 2000). These inner 
primers are called Forward Inner Primer (FIP) and Backward Inner Primer (BIP) (Notomi et 
al., 2000). A single-stranded synthesised DNA is released by an outer primer, called the F3 or 
B3 Primer, and this is used as a template for a second inner and outer primer (Notomi et al., 
2000). On the other end of the target sequence, the second inner and outer primers hybridise to 
the target and produces a stem-loop DNA structure (Fig. 1) (Notomi et al., 2000). In the cycles 
that follow, one inner primer hybridizes to the loop and initiates displacement DNA synthesis, 
which produces the original stem-loop structure and a new stem-loop DNA sequence (Fig. 1) 
with a stem twice as long (Notomi et al., 2000). The cycling of DNA displacement synthesis 
results in stem-loop DNA strands with several inverted repeats of the target DNA and loop 
structures (Notomi et al., 2000). Additional LAMP primers called, Loop Primers (F-Loop and 
B-Loop primers), can be added to the reaction to dramatically reduce the reaction time and 
increase the specificity and sensitivity of detection, which is the primary function of the loop 
primers (Nagamine et al., 2002). Loop primers recognise and anneal to target DNA sequences 
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between the F1 and F2 sequence, and the B1 and B2 sequence (Nagamine et al., 2002), 
providing broader cover of a length of nucleotide sequences to be detected (Fig. 2).   
 
 
 
Fig. 1 – Schematic representation of the LAMP reaction reproduced from Notomi et al. (2015).  
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Fig. 2 – Schematic representation of the LAMP primer annealing sites in the target DNA sequece, reproduced 
from  Fukuta et al. (2013).  
 
LAMP is efficient, simple to use by anyone, can be used anywhere (Notomi et al., 2015), is 
quick to detect with results in less than 60 minutes (Notomi et al., 2000) and is highly sensitive 
and specific (Fu et al., 2011). Specialised equipment is not necessary as it uses one continuous 
temperature, enabling the reaction to be carried out in a water bath or heating block (Notomi 
et al., 2000); alternative reaction reagents and simplified detection by visualising salt 
precipitation or fluorescence in the reaction tube can also be used (Tomita et al., 2008), 
enabling the technology to be cost-effective (Fu et al., 2011) and accessible to developing 
countries and resource-poor areas (Mori & Notomi, 2009). LAMP offers the equivalent 
(Vincelli & Tisserat, 2008) or better (Fukuta et al., 2013) sensitivity and specificity of PCR 
(Fukuta et al., 2013, Vincelli & Tisserat, 2008), and the LAMP procedure requires fewer 
preparation steps (Fu et al., 2011).  
 
However a disadvantage of LAMP lies in the accessibility of the computer software for 
designing LAMP primers. Although primers can be designed without software from first 
principle, the six primer binding sites, compared to two in standard PCR, has a larger likelihood 
of unsuccessful primer annealing, and designing the primer sequences from scratch and testing 
each primer combination is time-consuming. The LAMP primer design software, 
PrimerExplorer V5 (https://primerexplorer.jp/e/), prepares several combinations of LAMP 
    
175 
 
primer sequences at optimised annealing temperatures and conditions, and enables the user to 
select the optimal primer design. However, the interface of the most recent version of the 
software, is in Japanese, making it difficult to efficiently and successfully design the primers. 
Nevertheless, if the user can overcome the language barrier and manually check the design for 
errors, this is not too problematic. 
 
More advantages of LAMP over conventional PCR are that LAMP reagents are minimal and 
stable at room temperature compared to PCR (Niessen, 2015); and LAMP is less affected by 
biological substances and culture media than PCR and DNA purification is not needed (Kaneko 
et al., 2007). LAMP is anticipated to replace PCR as a diagnostic tool in fields such as 
quarantine (biosecurity) and food safety (Niessen, 2015). The commercial adoption of the 
technology is forecasted to become a growing diagnostic practice in the future of crop 
protection and plant pathology. 
 
Non-nucleic acid techniques 
 
Traditional plant pathology methods 
Traditional plant pathology methods are established, widely-used techniques in diagnosing 
plant disease. It typically involves visual examination of symptomatic plant material, isolating 
potential causal agents from diseased tissue, culturing and sub-culturing isolates, and 
confirming the species identity with microscopy, by observing morphology. This is often 
followed by Koch’s Postulates, which confirms the causal agents by inoculating healthy plants 
with the isolates, observing for disease symptoms and re-isolating the causal agent. Although 
these methods are widely used, identifying causal agents with microscopy often risks 
misidentification of cryptic or new species, which can have the very similar morphological 
structures (see Chapter 2). Therefore traditional plant pathology methods are usually paired 
with nucleic acid techniques, such as PCR and sequencing, to improve the accuracy of species 
identification.   
 
Enzyme-linked immunosorbent assay (ELISA)  
Enzyme-linked immunosorbent assays (ELISA) is a cost-effective (Fang & Ramasamy, 2015) 
serological method for detecting pathogen presence. Pathogen antigens, such as proteins, bind 
to species-specific antibodies (Gan & Patel, 2013, Sankaran et al., 2010), and are then detected 
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by secondary enzyme-coupled antibodies (Gan & Patel, 2013). The substrate for the enzyme is 
chromogenic and pigments are released or fluoresce when the antigen is present (Gan & Patel, 
2013, Sankaran et al., 2010). Pathogen presence can be qualitatively measured with 
colorimetric reading (Gan & Patel, 2013), for example with a spectrophotometer. ELISA 
diagnostic tools are predominantly used for detecting viruses and bacteria (Niessen, 2015), 
however it is not an effective method for detecting filamentous fungi as fungal mycelia do not 
contain species-specific antigenic structures which facilitate detection in ELISA (Niessen, 
2015). ELISA is also time-consuming and laboratory intensive (Sankaran et al., 2010).  
 
Immunofluorescence (IF), flow cytometry (FCM) and gas chromatography-mass spectrometry 
(GC-MS) 
Other detection methods not commonly used include immunofluorescence (IF), flow 
cytometry (FCM) and gas chromatography-mass spectrometry (GC-MS). Similar to FISH, 
immunofluorescence is a microscopy-based technique enabling pathogen detection directly in 
plant tissue, in which a pathogen-specific antibody conjugated with a fluorescent dye enables 
the target pathogen presence to be visualised on the plant tissue sample (Ward et al., 2004). 
Flow cytometry is a laser-based optical technique for detecting plant disease, which 
electronically identifies cells and other biomarkers, such as viable bacterial cells (Chitarra & 
van den Bulk, 2003) or fungal spores, passing through a liquid stream, in which the laser beam 
is reflected from the cells and the scattering of light or fluorescence is quantified (Fang & 
Ramasamy, 2015). Volatile organic compounds (VOCs) produced by plants under pathogen 
attack can be detected and measured qualitatively and quantitatively in the field with biosensors 
such as gas chromatography-mass spectrometry (GC-MS) (Sankaran et al., 2010).  
 
Summary of advantages of the reviewed diagnostic technologies 
 
Table 1 summarises and compares the advantages of each technology described in the literature 
review. A loop-mediated isothermal amplification (LAMP) diagnostic for the detection of 
nectriaceous fungal pathogens in avocado roots was designed from the DNA sequence data 
generated in the phylogeny study (Chapter 2). The advantages of LAMP include rapid detection 
speed, high sensitivity & specificity, ability to be tested in both field and lab environments, 
direct detection in plant tissue, cost-effectiveness and ease of use (Table 1).   
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Table 1. Summary and comparison of advantages of the diagnostic tools discussed in the literature review. 
Advantage Diagnostic tool 
Rapid detection (<60 mins) LAMP, GC-MS, FISH, IF, Real-Time PCR, FCM 
Can be used in the field LAMP, GC-MS 
Direct detection of pathogen in plant tissue LAMP, GC-MS, FISH, IF  
Highly specific LAMP, PCR-based techniques, Arrays  
Highly sensitive LAMP, FISH, Arrays 
Simple to use LAMP 
Minimal number of procedures involved LAMP, GC-MS 
Cost-effective LAMP, ELISA 
 
6.2.3 Applications of Loop-mediated isothermal amplification (LAMP) diagnostic 
tools  
 
A review of current literature demonstrates LAMP technology’s wide application in medical 
pathology (Boehme et al., 2007, Curtis et al., 2008, Fu et al., 2011, Hill et al., 2008) and food 
safety (Li et al., 2009, Niessen et al., 2013, Ueda & Kuwabara, 2009). In human disease, 
LAMP-based diagnosis is beneficial in resource-poor countries and helps to immediately detect 
bacterial and viral infection, for example, common strains of Escherichia coli (Hill et al., 2008), 
HIV (Curtis et al., 2008) and pulmonary tuberculosis (Boehme et al., 2007); and fungal 
infections by Paracoccidioides brasiliensis (Endo et al., 2004) in sputum samples (Fu et al., 
2011, Tatibana et al., 2009), fungal skin diseases caused by Fonsecaea spp. (Sun et al., 2010), 
lung infections caused by Pneumocystis pneumonia (Uemura et al., 2008) or Ochroconis 
gallopava which also causes disease in the central nervous system (Ohori et al., 2006). LAMP 
assays are commonly used for rapidly detecting bacterial and fungal contaminants in food 
(Niessen et al., 2013) such as human pathogens, Salmonella spp. (Li et al., 2009, Ueda & 
Kuwabara, 2009) and Fusarium graminearum, found in cereals (Niessen & Vogel, 2010). Use 
of rapid diagnostic tools such as LAMP can prevent significant population disease outbreaks 
and commercial loss caused by mass recalls of spoiled food in supermarkets.    
 
LAMP-based diagnostic methods have been developed for several plant pathogens. Successful 
LAMP designs based on the ITS sequence of pinewood nematode, Bursaphelenchus 
xylophilus, which causes pine wilt, were developed and tested on extracted DNA of cultured 
B. xylophilus isolates and directly in inoculated wood samples (Kikuchi et al., 2009).  Pythium 
aphanidermatum, which causes root rot in tomato (Fukuta et al., 2013) was detected by LAMP 
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in DNA extracts from fungal cultures and directly in inoculated tomato root tissue (Fukuta et 
al., 2013). In a study by Rigano et al. (2010) the pthA gene was used to design LAMP primers 
for the bacterial pathogen, Xanthomonas citri subsp. citri, which cause citrus bacterial canker. 
A simple, modified visualisation method was also developed to visualise positive results using 
SYBR® Green and a lateral flow dipstick (Rigano et al., 2010) and purified DNA, bacterium 
culture and infected plant tissue were able to produce positive results (Rigano et al., 2010). 
Reverse-transcription LAMP designs were developed for detecting peach latent mosaic viroid 
directly in inoculated peach, plum, apricot, pear, wild pear and quince fruit samples 
(Boubourakas et al., 2009), and for several viruses in rice including the dwarfing viruses, black-
streaked dwarf virus (RBSDV), rice dwarf virus (RDV) and rice gall dwarf virus (RGDV) (Le 
et al., 2010). Squash leaf curl virus (SLCV) was detected with LAMP directly in diseased 
squash (Cucurbita pepo) and melon (Cucumis melo), with positive result visualised by SYBR® 
Safe in the sample tube (Kuan et al., 2010).  A LAMP design based on the 16–23S intergenic 
spacer (IGS) was developed for detecting 16SrI and 16SrXXII phyotoplasmas (which cannot 
be cultured) in coconut, with detection facilitated by DNA extracted from infected leaf or trunk 
material onto lateral flow device membranes, which were added to the LAMP assay 
(Tomlinson et al., 2010a). The studies demonstrate an established body of research on LAMP-
based detection on a range of plant pathogens and pests, and has provided examples of useful 
genes and alternative techniques in the design, applicable to the PhD study.  
 
LAMP also has applications in crop production for detecting genetically modified organisms 
(GMOs) in the field (Guan et al., 2010, Kiddle et al., 2012) for example in identifying the 
escape of uncontained soybean GMOs and regulatory labelling of crops containing GMOs. The 
diagnostic also has application in confirming the colonisation of beneficial arbuscular 
mycorrhizal fungi, for example in carrot roots (Gadkar & Rillig, 2008), improving crop quality. 
However detecting filamentous fungal plant pathogens with LAMP in plant pathology does not 
appear to be greatly studied compared to the total number of published LAMP scientific 
literature available (over 1252 papers as of 2014) (Niessen, 2015). The gap in studies on 
detecting fungal plant pathogens with LAMP and the wide adoption of the technology in other 
diagnostic fields provides an opportunity for agricultural industry-driven use of the technology.  
 
The direct application from developing a LAMP-based diagnostic for detecting nectriaceous 
pathogens, which can be tested on-site with portable equipment & stable reagents, and is simple 
to use, is that it can be adopted by nursery and orchard growers to assist disease management 
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practices. The diagnostic could be included in the Avocado Nursery Voluntary Accreditation 
Scheme (ANVAS), as a routine test to be undertaken by a plant pathology laboratory, to ensure 
absence of pathogen in nursery trees destined for commercial orchards.  
 
6.2.4 Research questions and aims 
 
This experimental investigation addressed the research questions: 
“Can a rapid, sensitive & specific diagnostic tool for detecting selected nectriaceous 
pathogens be developed from the fungal gene sequence data collected in the phylogenetic 
study? Can this rapid diagnostic detect the pathogens of interest in symptomatic plant tissue?” 
 
This investigation aimed to: 
1. Perform a multiple alignment on the gene sequences of the fungal isolate collection and 
identify genes with high nucleotide variation between species.  
2. From selected genes, identify nucleotide sequences unique to each genus and species.  
3. Use the unique nucleotide sequences of two selected nectriaceous pathogenic species 
to design species-specific primers for a loop mediated isothermal amplification 
(LAMP) diagnostic. 
4. Demonstrate the specificity, sensitivity and rapid detection of the LAMP diagnostic 
using DNA extracts, fungal cultures and inoculated plant tissue. 
 
6.3 Materials and Methods 
 
6.3.1 Fungal isolates 
 
In Chapter 5, the important pathogens causing black root rot disease of avocado were found to 
be species in the Calonectria and Dactylonectria genera. The LAMP diagnostic was designed 
for two selected pathogens from these genera, Calonectria ilicicola and Dactylonectria 
macrodidyma, which are of importance in Australia (Dann et al., 2012) and globally (Vitale et 
al., 2012). Sixty-five isolates collected in this study were tested for diagnostic specificity and 
included a representative number of target species, closely related species and distantly related 
species (Table 2).  
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Table 2. List of fungal isolates used as DNA templates in each experiment of this study. 
Louisa’s 
Isolate ID 
BRIP ID Species name Experiment number 
LP001 54018 a Calonectria ilicicola 1 2 3 4 5 
LP005 60982 Calonectria ilicicola 
  
3 4 
 
LP017 61291 Calonectria ilicicola 
  
3 4 
 
LP067 55531 a Calonectria ilicicola 
  
3 
  
LP070 53653 a Calonectria ilicicola 
  
3 
  
LP016 60992 Calonectria ilicicola 
  
3 4 
 
LP028 60388 Calonectria ilicicola 
  
3 
  
LP029 60389 Calonectria ilicicola 
  
3 4 
 
LP030 60397 Calonectria ilicicola 
  
3 
  
LP066 53933 a Calonectria ilicicola 
  
3 4 
 
LP050 61448 Calonectria sp.  
  
3 
  
LP004 60981 Calonectria sp. 1 2 3 4 
 
LP093 63712 Calonectria sp.  
  
3 
  
LP063 16747 a Calonectria sp.  
  
3 
  
LP062 15920 a Calonectria sp.  
  
3 
  
LP073-2a 62001 a Dactylonectria macrodidyma 1 2 3 
  
LP074-1 62002 a Dactylonectria macrodidyma 
  
3 
  
LP075-1 61546 a Dactylonectria macrodidyma 
  
3 
  
LP072-2 62000b Dactylonectria macrodidyma   3   
LP072-4b 62000 g Dactylonectria macrodidyma 
  
3 
  
LP078-1 62005 a Dactylonectria macrodidyma 
  
3 
  
LP002 60979 Dactylonectria macrodidyma 
  
3 
  
LP027-3 61431 c Dactylonectria macrodidyma 
  
3 
  
LP033-1 61434 a Dactylonectria macrodidyma 
  
3 
  
LP035-1 61436 a Dactylonectria macrodidyma 
  
3 
  
LP037-2 60907 b Dactylonectria macrodidyma 
  
3 
  
LP040-3 61090 c Dactylonectria macrodidyma 
  
3 
  
LP045 61354 c Dactylonectria macrodidyma 
  
3 
  
LP047-4 61195 d Dactylonectria macrodidyma 
  
3 
  
LP052-1 61306 a Dactylonectria macrodidyma 
  
3 
  
LP057 61442 Dactylonectria macrodidyma 
  
3 
  
LP59-1 61444 a Dactylonectria macrodidyma 
  
3 
  
LP078-3 62005 c Dactylonectria macrodidyma 
  
3 
  
LP025-2 61429 b Dactylonectria macrodidyma 
  
3 
  
LP019-1 61294 a Dactylonectria macrodidyma 
  
3 4 
 
LP073-2b 62001 b Dactylonectria macrodidyma 
  
3 4 
 
LP023-5 61349 e Dactylonectria macrodidyma 
   
4 5 
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LP022-2 61428 b Dactylonectria pauciseptata 
  
3 
  
LP022-3 61428 c Dactylonectria pauciseptata 
  
3 
  
LP022-4 61428 d Dactylonectria pauciseptata 
   
4 
 
LP032-1 61433 a Dactylonectria pauciseptata   3   
LP038-1 60991 a Dactylonectria pauciseptata   3   
LP064 52550 a Dactylonectria pauciseptata   3   
LP088-1 63707 a Dactylonectria pauciseptata   3   
LP094 63713 Dactylonectria pauciseptata   3   
LP072-1 62000 a Dactylonectria novozelandica 1 2 3 
  
LP072-3 62000 c Dactylonectria novozelandica 
  
3 
  
LP072-4a 62000 d Dactylonectria novozelandica 
  
3 4 
 
LP025-2 61429 b Dactylonectria anthuriicola 
  
3 
  
LP009 60985 Dactylonectria anthuriicola 
   
4 
 
LP089-2 63708 b Dactylonectria vitis 
  
3 
  
LP047-2 61195 b Dactylonectria vitis 
  
3 
  
LP041-5 61263 g Dactylonectria vitis 
  
3 
  
LP010 60986 Cylindrocladiella 
pseudoinfestans 
  
3 
  
LP018 61292 Cylindrocladiella sp.  
  
3 
  
LP077-1 62004 a Fusarium sp.  
  
3 
  
LP006 60983 Gliocladiopsis peggii 
  
3 
  
LP026 61430 Gliocladiopsis whileyi 
  
3 
  
LP023-2 61349 b Gliocladiopsis sp. (not in the 
phylogenetic study) 
  
3 
  
LP023-4 61349 d Ilyonectria sp.  
  
3 
  
LP065 53498 a Ilyonectria sp.  
  
3 
  
Not in 
fungal 
collection 
not 
recorded 
Ilyonectria sp. (fungal culture 
only; not part of phylogenetic 
study) 
   
4 
 
LP092-5 63711 e Mariannaea humicola 
  
3 
  
LP048-3 61192 c Mariannaea sp.  
  
3 
  
Not in 
fungal 
collection 
not 
recorded 
Phytophthora cinnamomi 
(fungal culture only; not part of 
the phylogenetic study) 
   
4 5 
Where experiment number refers to:  
1. Experiment 1: Initial sensitivity & specificity testing and optimising isothermal conditions  
2. Experiment 2: Testing loop primers for improved detection time, sensitivity and specificity  
3. Experiment 3: Screening DNA samples in isolate collection to confirm LAMP specificity 
4. Experiment 4: LAMP diagnostic detection in fungal cultures 
5. Experiment 5: LAMP diagnostic detection in necrotic inoculated avocado root tissue   
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6.3.2 Designing LAMP primers  
 
A multiple alignment of the ITS, β-tubulin and Histone H3 individual gene regions was 
performed on the full isolate collection, in Geneious v 7.1.9 using the MAAFT Alignment 
plugin (Chapter 2), to identify gene regions unique each fungal genus. The β-tubulin gene was 
selected for designing LAMP primers for Calonectria ilicicola, and the histone H3 gene was 
selected for designing primers for Dactylonectria macrodidyma. Unique nucleotide sequences 
were identified for Ca. ilicicola and D. macrodidyma and used as the basis for designing 
species-specific LAMP primers. The outer F3 and B3 LAMP primers were designed from the 
unique sequences and these were used to generate the Forward Inner Primer (FIP), Backward 
Inner Primer (BIP), Forward Loop (F Loop) and Backward Loop (B Loop) primers in the 
LAMP primer designing software, Primer Explorer v 4 (http://primerexplorer.jp). Primer sets 
were modified manually. The LAMP primer sequences and the gene regions where the 
designed primers anneal for each target species are listed below. For both target species, the 
F1 and B1 gene regions were amplified by the first half of the FIP and BIP primers respectively, 
while the F2 and B2 regions were amplified by the second half of the FIP and BIP primers 
respectively. The F1 and F2, and the B1 and B2, regions are represented by a gap in the FIP 
and BIP primer sequence. Multiple combinations of the LAMP primers were tested in 
experiments for sensitivity, specificity and optimal isothermal conditions outlined below.  
 
LAMP primers for detecting Calonectria ilicicola 
 
F3 Primer: 5’-TGTTGCTGCCCCTGAGCG-3’  
B3 Primer: 5’GTTACCCTGATCGCGAATGT3’ 
FIP Primer: 5’-AGTCAGCAACCTTGTCCTCCGA-CCGGTTCCGACCGCTTC-3’ 
BIP Primer: 5’-CTTTCTCAATTCTAGCTCCA-CCCCAGGGCAGTTTTTGG-3’ 
F LOOP Primer: 5’-TCGTCGAGCTTTGTTGTTGTC-3’  
B LOOP Primer: 5’-GTCAGTGCGTAAGTGATCATTCC-3’ 
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Amplification positions in the partial β-tubulin gene of Calonectria ilicicola 
 
 TAACATGCGGTAGATTGTAAGTTTTCCTGCCCTCGCACAGCATCATGCCCAGAGTTCTTGAGAGACGC 
   F3     F2  F LOOP 
GTGCCTTTGTTGCTGCCCCTGAGCGTACCCCGCCGCCCCGGTTTCGACCGCTTCGACAACAACAAAGC 
      F1    B1 
TCGACGACCCCAAGCACGATGTGATATCGGAGGACAAGGTTGCTGACTATTTCTTTCTCAATTCTAGG 
    B LOOP    B2 
TCCACCTCCAGACCGGTCAGTGCGTAAGTGATCATTCCAGCTTCCAAAAACTGCCCTGGGGATTCACT 
  B3 
AACATTCGCGATCAGGGTAACCAAATTGGTGCTGCTTTCTGGCAGACCATCTCTGGCGAGCACGGCCT 
 
TGACAGCAATGGTGTCTACAACGGTACCTCCGACCTCCAGTTGGAGCGCATGAACGTCTACTTCAACG 
 
AGGTATGTGGTTAAAACAAAACGCTCGCCTGGTCGAAAAACTTGTGCACAAACTCACACGATACAGGC 
 
TTCCGGCAACAAGTATGTCCCTCGAGCTGTCCTCGTCGATCTTGAGCCCGGTACCATGGATGCCGTCC 
 
GTGCCGGTCCTTTCGGTCAGCTCTTCCGTCCCGACAACTAA – 3’ 
 
 
LAMP primers for detecting Dactylonectria macrodidyma 
 
F3 Primer: 5’-GTCCACTGGTGGCAAGG-3’ 
B3 Primer: 5’-CACGGAGAGCGACGGTA-3’ 
FIP Primer: 5’-GTATGGCGATGCATTTTTGAT-CTTCCAAGGCTGGTGAGT-3’ 
BIP Primer: 5’-ACCTTAACCATCAACAGCCCGC-GTAGCGGTGAGGCTTCTTG-3’ 
F LOOP Primer: 5’-CGCGACGTGTCAAGTAAATGG-3’ 
B LOOP Primer: 5’-GCCCCCTCTACCGGTGGTGT-3’ 
 
Amplification positions in the partial histone H3 gene of Dactylonectria macrodidyma 
 
 F3       F2 
AGGTCCACTGGTGGCAAGGCCCCTCGCAAGCAGCTTGCTTCCAAGGCTGGTGAGTCCCATCGCCGGCG 
 F LOOP     F1    B1 
CGCCATTTACTTGACACGTCGCGTTTCCATCAAAAATGCATCGCCATACTAACCTTAACCATCAACAGCCCGC 
   B LOOP   B2     B3 
AAGAGCGCCCCCTCTACCGGTGGTGTCAAGAAGCCTCACCGCTACAAGCCCGGTACCGTCGCTCTCCGTGAGA 
 
TCCGTCGCTACCAGAAGTCGACCGAGCTCCTCATCCGCAAGCTCCCCTTCCAGCGTCTCGTGAGTTCAAATACA 
 
ACACCTTTAACATTTAACCACACATTATCTAACAGTAGACACAGGTCCGTGAGATCGCCCAGGACTTCAAGAG 
 
CGATCTTCGCTTCCAGTCCTCTGCCATTGGTGCCCTCCAGGAGTCCGTCGAGTCCTACCTCGTCTCCCTCTTCGA 
 
GGACACCAACCTGTGCGCCATCCACGCCAAGCGTGTCACCATCCAGTCCAAGGACATCCAGCT 
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6.3.3 Sensitivity and specificity testing of LAMP diagnostic and optimising isothermal 
conditions 
 
Experiment 1: Initial sensitivity & specificity testing and optimising isothermal conditions  
 
Experiment 1 tested the designed primers to confirm primer specificity, to reveal an 
approximate level of sensitivity for detection and to determine the optimal isothermal 
temperature at which detection is the fastest. Although loop primers can contribute towards the 
specificity and sensitivity of the diagnostic, the primary function of the loop primers is to 
increase the speed of the reaction (Nagamine et al., 2002) and loop primers were therefore not 
included in the initial testing of the designed LAMP primers for each target species. The F3, 
B3, FIP and BIP primers were tested for specificity to the target species. For all experiments, 
the time of detection was visualised on the screen of the Genie II machine, downloaded to the 
OptiGene Genie Explorer software (GeneWorks Pty Ltd, Thebarton, South Australia) and 
recorded. 
 
The working primer mixture was made to 100 µl containing 1.25 µM F3 primer, 1.25 µM B3 
primer, 10 µM FIP primer, 10 µM BIP primer and RNAase free water. The reaction mixture 
for each test sample contained a total volume of 15 µl, comprised of 2.6 µl RNAase free water, 
9 µl OptiGene Isothermal Master mix (GeneWorks Pty Ltd, Thebarton, South Australia), 2.4 
µl working primer mixture and 1 µl DNA template of fungal DNA extracts at concentrations 
ranging 0.00001 ng/µl to 1 ng/µl. The template-free negative control in each LAMP diagnostic 
test run was RNase-free water. Table 3 and Table 4 (Section 6.4.1) summarises the fungal 
isolates which were used as templates for testing LAMP primer specificity.  
 
The LAMP test samples were placed in the OptiGene Genie® II isothermal amplification 
instrument (GeneWorks Pty Ltd, Thebarton, South Australia), and underwent 65°C isothermal 
amplification for 60 mins, followed by 95–80°C annealing and termination rate of 0.5°C/sec. 
If sensitivity was demonstrated at DNA concentration less than 0.01 ng/µl, the experiment was 
repeated using 63°C and 67°C isothermal amplification temperatures to determine the best 
isothermal temperature conditions for the LAMP diagnostic. The optimal isothermal 
temperature was used in subsequent experiments.  
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In reactions where target species were not detected when  DNA concentrations less than 0.01 
ng/µl were tested, isothermal temperature comparisons and selection were made in Experiment 
2 where loop primers were introduced to the reaction and the optimal LAMP primer 
combination was determined.            
  
Experiment 2: Testing loop primers for improved detection time, sensitivity and specificity 
 
Loop primers, F Loop and B Loop, were introduced to the LAMP reaction to test for increased 
reaction speed and any improved sensitivity and specificity. Each loop primer were tested with 
the F3, B3, FIP and BIP primers, then both loop primers were tested together with the four 
primers, to find the primer combination with the optimum sensitivity and specificity. The 
LAMP reagents and sample concentrations were as outlined in Experiment 1, however the 
working primer mixture now contained 5 µM F Loop primer or 5 µM B Loop primer, or both 
primers each at 5 µM concentration.  
 
The LAMP diagnostic test samples, for detecting Calonectria ilicicola, were placed in the 
OptiGene Genie® II isothermal amplification instrument (GeneWorks Pty Ltd, Thebarton, 
South Australia).  Isothermal amplification was at 67°C for 60 mins, followed by 95–80°C 
annealing and termination at 0.5°C/sec. The test samples for the D. macrodidyma diagnostic 
underwent the same reaction conditions, however the isothermal amplification temperature was 
set to 65°C. In both diagnostics, the best loop primer combination was selected from comparing 
the reaction times, sensitivity and specificity, and this primer set was used in further LAMP 
experiments.  
 
For the D. macrodidyma diagnostic, additional experiments which compared isothermal 
amplification temperatures of 63°C, 65°C and 67°C, were carried out using the selected loop 
primer set to determine the optimal reaction conditions for this diagnostic. The selected 
temperature was used in the following experiments. 
 
The DNA samples tested and the reaction conditions are summarised in the Results, Table 5 
and Table 6 in Section 6.4.1.     
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6.3.4 LAMP diagnostic for detection of target pathogens in DNA samples, fungal 
cultures and inoculated necrotic avocado tissue 
 
Experiment 3: Screening DNA samples in isolate collection to confirm LAMP specificity  
 
Experiment 3 utilized the selected LAMP primer combination and isothermal amplification 
temperature with DNA templates of a representative number of isolates (target and non-target 
species) (Table 2) from the isolate collection (in Chapter 2, Section 2.3.1, Table 1) to 
thoroughly confirm the specificity of both diagnostics.  
 
For both diagnostics, the working primer mixture was made to 100 µl containing 1.25 µM F3 
primer, 1.25 µM B3 primer, 10 µM FIP primer, 10 µM BIP primer, 5 µM B Loop primer and 
RNAase free water. Each reaction was prepared as described in Experiment 1, with the fungal 
DNA template at concentrations of 1 ng/µl or 50 ng/µl and RNase-free water as the template-
free negative control. Table 7 and Table 8 (Section 6.4.2) summarises the isolates tested for 
specificity. For both diagnostics, the test samples were placed in the OptiGene Genie® II 
isothermal amplification instrument, with 67°C isothermal amplification for 30 mins, followed 
by 95–80°C annealing and termination at 0.5°C/sec. 
 
Experiment 4: LAMP diagnostic for detection of target pathogens in fungal cultures 
 
Experiment 4 examined the ability of the diagnostic to detect target DNA in fungal mycelia.  
Representative isolates of target and non-target species were grown for 7–10 days on half-
strength potato dextrose agar amended with 200 ppm streptomycin (sPDA) and incubated at 
room temperature under black light. Five 0.5 cm3 plugs of sPDA of each fungal isolate were 
added to microfuge tubes containing 1 ml sterile distilled water (sd water) and vigorously 
shaken to disperse the fungal conidia and mycelia into suspension. One µl of suspension DNA 
was used as the template in each reaction sample, with one sample containing 1 µl of RNase-
free water as the template-free negative control. Some microfuge tubes contained two isolates 
to represent mixed cultures, with three 0.5 cm3 plugs of sPDA of each fungal isolate in the tube. 
The isolates tested are summarised in Table 9 and Table 10 (Section 6.4.2). The LAMP 
temperature conditions for both diagnostics were set to 67°C isothermal amplification for 30 
mins, followed by 95–80°C annealing and termination at 0.5°C/sec. 
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Experiment 5: LAMP diagnostic for detection of target pathogens in inoculated necrotic 
avocado tissue 
 
Experiment 5 tested the LAMP diagnostic for ability to detect the target species directly in 
avocado root tissue. Three-month-old avocado cv. Reed seedlings were inoculated by 
amending the potting soil with six 1 cm3 plugs of sPDA of root rot-causing pathogenic isolates. 
The tested pathogens included Ca. licicola, D. macrodidyma and P. cinnamomi, which were 
used as inoculum individually or in combination with the other isolates as outlined in Table 11 
and Table 12 (Section 6.4.2). The roots of healthy, uninoculated plants were included as 
negative controls. At five weeks post inoculation, the plants were uprooted and assessed for 
root disease and necrotic avocado roots were collected for use in the LAMP diagnostic.  
 
For each test sample, the avocado roots with necrotic lesions were sliced into 0.5 cm strands 
and 50 mg of selected root pieces were added to a microfuge tube containing 1 ml of sd water. 
The root pieces were macerated using a microfuge pestle, the tube was subsequently shaken to 
distribute the mixture and 1 µl of the liquid suspension was used as the DNA template. For 
both diagnostics, the LAMP reaction mixtures and temperature conditions were as described 
in Experiment 3, however the isothermal amplification time was extended to 60 minutes to take 
into account any potential reduced detection time caused by inhibitory compounds in the 
avocado roots.  
  
6.4 Results 
 
6.4.1 Sensitivity and specificity of LAMP diagnostic, chosen primer sets and 
optimisation of isothermal conditions 
 
Experiment 1: Initial sensitivity & specificity testing and optimising isothermal conditions 
 
In the initial sensitivity and specificity tests the F3, B3, FIP and BIP primers designed for 
detecting Ca. ilicicola were sensitive and specific to the target species at DNA concentrations 
as low as 0.001 ng/µl (Table 3). Isothermal amplification temperatures were compared and the 
optimal temperature was found to be 67°C, enabling the fastest detection of 1 ng/µl DNA at 17 
min 41 s, with the detection slowing down as the temperature decreased (Table 3). Isothermal 
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amplification temperature of 67°C was selected for use in all further experiments for detecting 
Ca. ilicicola. In terms of sensitivity, Ca. ilicicola could be detected at DNA concentrations of 
0.001 ng/µl with speed of detection optimal at 65°C; with detection at 24 mins 56 s at 65°C 
and detection at 27 mins 24 s at 67°C (Table 3). Isothermal amplification temperature of 63°C, 
although sensitive and specific, was the slowest to be detected. 
 
The F3, B3, FIP and BIP primers designed for detecting D. macrodidyma were sensitive and 
specific to the target species at DNA concentrations of 0.1 ng/µl (Table 4) but not at lower 
concentrations. The detection speeds of the target species facilitated by these primers were 
comparably slower and less sensitive than those in the tests with Ca. ilicicola primers (Table 
3). Sensitivity was not demonstrated at DNA concentrations lower than 0.0.1 ng/µl, therefore 
no further isothermal temperatures were tested for target species, D. macrodidyma. Tests with 
loop primers in Experiment 2 aimed to improve the sensitivity, specificity and detection speed 
for detection.  
 
Table 3. Initial sensitivity and specificity testing of LAMP diagnostic design for detecting Calonectria ilicicola. 
Isolate ID BRIP ID Species 
DNA 
concentration 
(ng/µl) 
Detection time at  
Isothermal reaction 
temperature 
(mm:ss) 
63°C 65°C 67°C 
LP001 54018 a Calonectria ilicicola 1 20:22 19:50 17:41 
LP001 54018 a Calonectria ilicicola 0.1 21:29 18:24 19:34 
LP001 54018 a Calonectria ilicicola 0.01 29:17 20:57 26:45 
LP001 54018 a Calonectria ilicicola 0.001 47:47 24:56 27:24 
LP001 54018 a Calonectria ilicicola 0.0001 ND ND ND 
LP001 54018 a Calonectria ilicicola 0.00001 ND ND ND 
LP004 60981 Calonectria sp. 1 ND ND ND 
Template Free n/a RNase-free water 0 ND ND ND 
ND not detected. 
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Table 4. Initial sensitivity and specificity testing of LAMP diagnostic design for detecting Dactylonectria 
macrodidyma. 
Isolate ID BRIP ID Species 
DNA 
concentration 
(ng/µl) 
Detection at 
65°C (mm:ss) 
LP073-2a 62001 a Dactylonectria macrodidyma 1 32:00 
LP073-2a 62001 a Dactylonectria macrodidyma 0.1 43:00 
LP073-2a 62001 a Dactylonectria macrodidyma 0.01 ND 
LP073-2a 62001 a Dactylonectria macrodidyma 0.001 ND 
LP073-2a 62001 a Dactylonectria macrodidyma 0.0001 ND 
LP073-2a 62001 a Dactylonectria macrodidyma 0.00001 ND 
LP072-1 62000 a Dactylonectria novozelandica 1 ND 
Template Free n/a RNase-free water 0 ND 
ND not detected. 
 
Experiment 2: Testing loop primers for improved detection time, sensitivity and specificity 
 
In Experiment 2, combinations of loop primers were tested with the four F3, B3, FIP and BIP 
designed primers for an improved speed of detection, sensitivity and specificity for detecting 
Ca. ilicicola or D. macrodidyma.  
 
The B Loop primer in combination with the four F3, B3, FIP and BIP primers performed the 
best with the highest sensitivity and fastest detection of Ca. ilicicola at low DNA 
concentrations of 0.001 ng/µl (Table 5) compared to the other loop primer combinations. The 
F Loop primer enabled faster detection at DNA concentrations of 1 ng/µl, detecting the DNA 
1 min 10s faster than the B loop primer. However at DNA concentrations less than 0.01 ng/µl, 
detection with F Loop was slower than the detection with B Loop. Therefore, F Loop and B 
Loop individually improved detection time and had roughly equal sensitivity, however B Loop 
was slightly faster to detect lower DNA concentrations than F Loop. When combined, the F 
Loop and B Loop primers enabled the fastest detection of DNA in 5 mins 51 s to 7 mins 5 s at 
concentrations of 1–0.1 ng/µl. However, sensitivity was reduced by using both loop primers as 
DNA concentrations of 0.01 ng/µl were detected at a similar time to that with B Loop primers 
alone (Table 5), and there was no detection at concentrations less than 0.01 ng/µl. Therefore 
the B Loop primer was selected for use in the LAMP diagnostic for Calonectria ilicicola and 
was tested in subsequent experiments. 
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Table 5. Testing Loop Primers for improved detection time, sensitivity and specificity for detecting Calonectria 
ilicicola. 
Loop 
Primer 
combination 
tested 
Isolate ID 
BRIP 
ID 
Species 
 
DNA 
concentration 
(ng/µl) 
Detection 
time at 67°C 
(mm:ss) 
F Loop 
Primer only 
 
LP001 54018 a Calonectria ilicicola 1 9:09 
LP001 54018 a Calonectria ilicicola 0.1 11:14 
LP001 54018 a Calonectria ilicicola 0.01 16:07 
LP001 54018 a Calonectria ilicicola 0.001 26:58 
LP001 54018 a Calonectria ilicicola 0.0001 ND 
LP004 60981 Calonectria sp.  1 ND 
Template Free n/a RNase-free water 0 ND 
B Loop 
Primer only 
 
LP001 54018 a Calonectria ilicicola 1 10:31 
LP001 54018 a Calonectria ilicicola 0.1 12:24 
LP001 54018 a Calonectria ilicicola 0.01 14:44 
LP001 54018 a Calonectria ilicicola 0.001 14:54 
LP001 54018 a Calonectria ilicicola 0.0001 ND 
LP004 60981 Calonectria sp. 1 ND 
Template Free n/a RNase-free water 0 ND 
F Loop 
Primer and 
B Loop 
Primer 
 
LP001 54018 a Calonectria ilicicola 1 5:51 
LP001 54018 a Calonectria ilicicola 0.1 7:05 
LP001 54018 a Calonectria ilicicola 0.01 14:13 
LP001 54018 a Calonectria ilicicola 0.001 ND 
LP001 54018 a Calonectria ilicicola 0.0001 ND 
LP004 60981 Calonectria sp. 1 ND 
Template Free n/a RNase-free water 0 ND 
ND not detected. 
 
The initial tests with the loop primers and 4 LAMP primers F3, B3, FIP and BIP for the D. 
macrodidyma diagnostic was performed at an isothermal amplification temperature of 65°C, 
and loop primer combinations were compared to find the optimum LAMP primer combination. 
Including loop primers with the 4 standard LAMP primers improved sensitivity and detection 
speed (Table 6), compared to Experiment 1 which had no loop primers (Table 4). Furthermore, 
LAMP primers with the B Loop primer, resulted in the most sensitive detection, detecting 
target DNA at 0.001 ng/µl within 53 mins 20 s. The F Loop primer enabled the fastest detection 
at 14 mins 51 s for concentrations of 1 ng/µl, compared to 16 mins 4 s for B Loop and 18 mins 
2 s for F Loop and B Loop combined (Table 6). However, despite faster detection, use of the 
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F Loop primer alone resulted in reduced sensitivity, with DNA concentrations detected at 
concentrations >0.01 ng/µl, compared to successful detection at <0.01 ng/µl with use of the B 
Loop primer. Use of both loop primers combined resulted in the slowest detection speed and 
the lowest specificity, with detection occurring between 18–19 mins and sensitivity to 0.1 ng/µl 
(Table 6).  
 
Although sensitivity and detection time was improved with introducing B Loop primers, time 
appears to be an inhibiting factor in maintaining specificity to the target species. Across all 
loop primer combinations tested at 65°C, the non-target species, Dactylonectria novozelandica, 
a close relative of Dactylonectria macrodidyma, was detected within 29–55 mins, with the F 
Loop primer detecting non-target species the fastest, and both loop primers combined detecting 
non-targets the slowest (Table 6). It was therefore concluded that the success of target-species 
specificity is dependent on time and the loop primers used. The optimal isothermal 
amplification time for this diagnostic design was 30 minutes to maintain target species 
specificity. In terms of specificity, F and B Loop primers combined slowed down the detection 
of non-target species. In terms of detection speed of target species, the F Loop primer 
performed best. However the B Loop primer was found to be the most appropriate primers to 
satisfy the full criteria – a time cut-off for specificity, high sensitivity and adequate detection 
speed. Therefore the B loop primer chosen for subsequent LAMP diagnostic tests.  
 
Further tests in Experiment 2 used the B Loop primer and compared the efficacy of the 
diagnostic between isothermal amplification temperatures of 63°C, 65°C and 67°C (Table 6). 
At DNA concentrations of 1 ng/µl detection was fastest at 14 min 37 s, with an isothermal 
temperature of 67°C, and slowed to just over 16 min at 63 and 65°C (Table 6). Although the 
greatest sensitivity of detection (at 0.001 ng/µl DNA) was observed with isothermal 
temperature of 65°C, the speed of detection was 53 min 20 s, which was beyond the previously 
determined optimal amplification time of 30 min. At DNA concentrations of 0.01 ng/µl, an 
isothermal temperature of 67°C performed detection faster than at 65°C (Table 6). Therefore, 
the optimal isothermal temperature of 67°C for D. macrodidyma detection was used in all 
further experiments.  
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Table 6. Testing Loop Primers and isothermal reaction temperatures for improved detection time, sensitivity and 
specificity for detecting Dactylonectria macrodidyma.  
Loop 
Primer 
combination 
tested 
Isolate 
ID 
BRIP 
ID 
Species 
 
DNA 
concn 
(ng/µl) 
Detection time at  
Isothermal reaction 
temperature (mm:ss) 
63°C 65°C 67°C 
F Loop 
Primer only 
 
LP073-2a 62001 a Dactylonectria macrodidyma 1 n/a 14:51 n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.1 n/a 15:59 n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.01 n/a 26:09 n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.001 n/a ND n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.0001 n/a ND n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.00001 n/a ND n/a 
LP072-1 62000 a Dactylonectria novozelandica  1 n/a 28:57 n/a 
Template 
Free 
n/a RNase-free water 0 n/a ND n/a 
B Loop 
Primer only 
 
LP073-2a 62001 a Dactylonectria macrodidyma 1 16:06 16:04 14:37 
LP073-2a 62001 a Dactylonectria macrodidyma 0.1 18:36 19:43 22:32 
LP073-2a 62001 a Dactylonectria macrodidyma 0.01 17:07 36:06 18:48 
LP073-2a 62001 a Dactylonectria macrodidyma 0.001 ND 53:20 ND 
LP073-2a 62001 a Dactylonectria macrodidyma 0.0001 ND ND ND 
LP073-2a 62001 a Dactylonectria macrodidyma 0.00001 ND ND ND 
LP072-1 62000 a Dactylonectria novozelandica 1 33:54 34:43 30:26 
Template 
Free 
n/a RNase-free water 0 ND ND ND 
F Loop 
Primer and 
B Loop 
Primer 
 
LP073-2a 62001 a Dactylonectria macrodidyma 1 n/a 18:02 n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.1 n/a 19:47 n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.01 n/a ND n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.001 n/a ND n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.0001 n/a ND n/a 
LP073-2a 62001 a Dactylonectria macrodidyma 0.00001 n/a ND n/a 
LP072-1 62000 a Dactylonectria novozelandica  1 n/a 54:28 n/a 
Template 
Free 
n/a RNase-free water 0 n/a ND n/a 
ND not detected. 
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6.4.2 LAMP diagnostic for detection of target pathogens in DNA samples, fungal 
cultures and inoculated necrotic avocado tissue 
 
Experiment 3: Screening DNA samples in isolate collection to confirm LAMP specificity 
 
Experiment 3 confirmed the specificity of the designed LAMP diagnostic design for detecting 
Ca. ilicicola and D. macrodidyma, using 1 ng/µl and 50 ng/µl fungal DNA extracts and fungal 
mycelia from a representative number of fungal target species, closely related non-target 
species and other fungal genera associated with root rot disease.  
 
The Ca. ilicicola LAMP diagnostic design was confirmed to be specific, detecting the target 
species within 10–11.5 mins at DNA concentrations of 1 ng/µl (Table 7). None of the other 
isolates in Calonectria or the tested genera were detected (Table 7).  
 
The D. macrodidyma diagnostic was confirmed to be specific detecting target DNA within 
12.25–28.5 mins, (averaging 15–16 mins), at concentrations of 50 ng/µl. None of the non-target 
Dactylonectria spp. (Table 8) or species in the other genera were detected. Some D. 
macrodidyma isolates were tested twice, at concentrations of 1 ng/µl and 50 ng/µl to observe 
any differences in detection speed (Table 8). The 50 ng/µl DNA templates were detected 
considerably faster than (by approximately 2–9 minutes) than the 1 ng/µl DNA templates. 
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Table 7. Testing optimised primer sets and isothermal conditions for specificity in detection of target species, 
Calonectria ilicicola, using fungal DNA extracts as templates. 
Isolate ID BRIP ID Species 
DNA 
concn 
(ng/µl) 
Detection 
time at 67°C 
(mm:ss) 
LP001 54018 a Calonectria ilicicola 1 10:22 
LP005 60982 Calonectria ilicicola 1 10:05 
LP016 60992 Calonectria ilicicola 1 11:12 
LP017 61291 Calonectria ilicicola 1 10:34 
LP028 60388 Calonectria ilicicola 1 10:51 
LP029 60389 Calonectria ilicicola 1 11:15 
LP030 60397 Calonectria ilicicola 1 10:45 
LP066 53933 a Calonectria ilicicola 1 11:35 
LP067 55531 a Calonectria ilicicola 1 10:21 
LP070 53653 a Calonectria ilicicola 1 10:53 
LP050 61448 Calonectria sp.  1 ND 
LP004 60981 Calonectria sp.  1 ND 
LP093 63712 Calonectria sp.  1 ND 
LP062 15920 a Calonectria sp.  1 ND 
LP063 16747 a Calonectria sp.  1 ND 
LP010 60986 Cylindrocladiella pseudoinfestans 1 ND 
LP018 61292 Cylindrocladiella sp.  1 ND 
LP073-2a 62001 a Dactylonectria macrodidyma 1 ND 
LP072-1 62000 a Dactylonectria novozelandica 1 ND 
LP022-2 61428 b Dactylonectria pauciseptata 1 ND 
LP025-2 61429 b Dactylonectria anthuriicola 1 ND 
LP077-1 n/a Fusarium sp. (not in phylogenetic 
study collection) 
1 ND 
LP006 60983 Gliocladiopsis peggii 1 ND 
LP026 61430 Gliocladiopsis whileyi 1 ND 
LP023-4 61349 d Ilyonectria sp.  1 ND 
LP065 53498 a Ilyonectria sp.  1 ND 
LP092-5 63711 e Mariannaea humicola 1 ND 
LP048-3 61192 c Mariannaea sp.  1 ND 
Template Free n/a RNase-free water 0 ND 
ND not detected. 
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Table 8. Testing optimised primer sets and isothermal conditions for specificity in detection of target species, 
Dactylonectria macrodidyma, using fungal DNA extracts as templates. 
Isolate ID BRIP ID Species 
DNA 
concn 
(ng/µl) 
Detection time at 
67°C (mm:ss) 
LP002 60979 Dactylonectria macrodidyma 50 15:22 
LP019-1 61294 a Dactylonectria macrodidyma 50 14:17 
LP027-3 61431 c Dactylonectria macrodidyma 50 13:44 
LP033-1 61434 a Dactylonectria macrodidyma 50 18:54 
LP035-1 61436 a Dactylonectria macrodidyma 50 14:05 
LP037-2 60907 b Dactylonectria macrodidyma 50 14:31 
LP040-3 61090 c Dactylonectria macrodidyma 50 12:16 
LP045 61354 c Dactylonectria macrodidyma 50 14:25 
LP047-4 61195 d Dactylonectria macrodidyma 50 13:18 
LP052-1 61306 a Dactylonectria macrodidyma 50 13:48 
LP057 61442 Dactylonectria macrodidyma 50 28:30 
LP59-1 61444 a Dactylonectria macrodidyma 50 13:31 
LP072-2 62000 b Dactylonectria macrodidyma 50 26:05 
LP072-4b 62000 g Dactylonectria macrodidyma 50 25:02 
LP073-2b 62001 b Dactylonectria macrodidyma 50 15:48 
LP073-2a 62001 a Dactylonectria macrodidyma 1 15:29 
LP073-2a 62001 a Dactylonectria macrodidyma 50 13:18 
LP074-1 62002 a Dactylonectria macrodidyma 1 15:34 
LP074-1 62002 a Dactylonectria macrodidyma 50 12:40 
LP075-1 61546 a Dactylonectria macrodidyma 1 17:15 
LP075-1 61546 a Dactylonectria macrodidyma 50 12:32 
LP078-1 62005 a Dactylonectria macrodidyma 1 26:40 
LP078-3 62005 c Dactylonectria macrodidyma 50 16:51 
LP022-2 61428 b Dactylonectria pauciseptata 1 ND 
LP022-3 61428 c Dactylonectria pauciseptata 1 ND 
LP072-3 62000 c Dactylonectria novozelandica 1 ND 
LP032-1 61433 a Dactylonectria pauciseptata 50 ND 
LP064 52550 a Dactylonectria pauciseptata 50 ND 
LP038-1 60991 a Dactylonectria pauciseptata  50 ND 
LP088-1 63707 a Dactylonectria pauciseptata  50 ND 
LP094 63713 Dactylonectria pauciseptata  50 ND 
LP072-4a 62000 d Dactylonectria novozelandica 1 ND 
LP025-2 61429 b Dactylonectria anthuriicola 50 ND 
LP047-2 61195 b Dactylonectria vitis 50 ND 
LP089-2 63708 b Dactylonectria vitis 50 ND 
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LP041-5 61263 g Dactylonectria vitis 50 ND 
LP001 54018 a Calonectria ilicicola 1 ND 
LP010 60986 Cylindrocladiella pseudoinfestans 1 ND 
LP077-1 n/a Fusarium sp. (not in phylogenetic 
study collection) 
1 ND 
LP006 60983 Gliocladiopsis peggii 1 ND 
LP023-2 na Gliocladiopsis sp. (not in the 
phylogenetic study collection) 
50 ND 
LP065 53498 a Ilyonectria sp.  1 ND 
LP048-3 61192 c Mariannaea sp.  1 ND 
n/a n/a Phytophthora cinnamomi (not in 
the phylogenetic study collection) 
>50 ND 
Template Free n/a RNase-free water 0 ND 
ND not detected. 
 
Experiment 4: LAMP diagnostic detection of target pathogens in fungal cultures 
 
Experiment 4 tested the LAMP diagnostic design for detecting Ca. iliciola and D. 
macrodidyma using aliquots of sterile distilled water containing fungal mycelia (Table 9 and 
Table 10).  
 
In the Ca. ilicicola diagnostic (Table 9), all of the target species as pure cultures were detected 
between 15–29.25 min, averaging ~16 mins for detection. None of the non-target species as 
pure cultures were detected (Table 9). Calonectria ilicicola was detected in 2 out of 3 mixed 
cultures, with detection occurring between 17 min 49 s and 24 min 5 s (Table 9).   
 
In the D. macrodidyma diagnostic (Table 10), all of the target species as pure cultures were 
detected within 16.5–25.25 min. None of the non-target species as pure cultures were detected 
(Table 10). One hundred percent of mixed cultures containing the target species resulted in 
positive detection within 16.25–29.33 min (Table 10). None of the mixed cultures containing 
only non-target species showed detection (Table 10).    
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Table 9. Testing optimised primer sets and isothermal conditions for specificity in detection of target species, 
Calonectria ilicicola, using fungal mycelia in sterile distilled water. 
Isolate ID BRIP ID Species 
DNA 
concn 
(ng/µl) 
Detection 
time at 
67°C 
(mm:ss) 
LP001 54018 a Calonectria ilicicola >50 15:15 
LP005 60982 Calonectria ilicicola >50 15:00 
LP016 60992 Calonectria ilicicola >50 15:48 
LP017 61291 Calonectria ilicicola >50 16:10 
LP017 61291 Calonectria ilicicola >50 17:28 
LP029 60389 Calonectria ilicicola >50 29:15 
LP066 53933 a Calonectria ilicicola >50 23:16 
LP004 60981 Calonectria sp.  >50 ND 
LP001 + LP004 54018 a + 60981 Mixed culture: Calonectria ilicicola + 
Calonectria sp.  
>50 ND 
LP005 + LP004 60982 + 60981 Mixed culture: Calonectria ilicicola + 
Calonectria sp.  
>50 24:05 
LP017 + LP004 61291 + 60981 Mixed culture: Calonectria ilicicola + 
Calonectria sp.  
>50 17:49 
n/a n/a Ilyonectria sp. fungal culture (not from the 
phylogenetic study) 
>50 ND 
Template Free n/a RNase-free water 0 ND 
ND not detected  
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Table 10. Testing optimised primer sets and isothermal conditions for specificity in detection of target species, 
Dactylonectria macrodidyma, using fungal mycelia in sterile distilled water. 
Isolate ID BRIP ID Species 
DNA 
concn 
(ng/µl) 
Detection 
time at 
67°C 
(mm:ss) 
LP019-1 61294 a Dactylonectria macrodidyma >50 18:16 
LP019-1 61294 a Dactylonectria macrodidyma >50 17:27 
LP023-5 61349 e Dactylonectria macrodidyma >50 16:35 
LP023-5 61349 e Dactylonectria macrodidyma >50 22:38 
LP073-2b 62001 b Dactylonectria macrodidyma >50 16:28 
LP073-2b 62001 b Dactylonectria macrodidyma >50 25:14 
LP022-4 61428 d Dactylonectria pauciseptata >50 ND 
LP072-4a 62000 d Dactylonectria novozelandica >50 ND 
LP009 60985 Dactylonectria anthuriicola >50 ND 
LP019-1 + LP072-4a 61294 a + 62000 d Dactylonectria macrodidyma + 
Dactylonectria novozelandica 
>50 16:13 
LP023-5 + LP072-4a 61349 e + 62000 d Dactylonectria macrodidyma + 
Dactylonectria novozelandica 
>50 29:21 
 
LP073-2b + LP072-4a 62001 b + 62000 d Dactylonectria macrodidyma + 
Dactylonectria novozelandica 
>50 20:41 
LP022-4 + LP072-4a 61428 d + 62000 d Dactylonectria pauciseptata + 
Dactylonectria novozelandica 
>50 ND 
n/a n/a Ilyonectria sp. fungal culture (c/o 
Grow Help) 
>50 ND 
Template Free n/a RNase-free water 0 ND 
ND not detected. 
 
Experiment 5: LAMP diagnostic detection of target pathogens in inoculated necrotic 
avocado tissue 
 
Experiment 5 tested the efficacy of the LAMP diagnostic on target species detection in 
symptomatic plant roots. Each LAMP sample tested corresponded to a single plant inoculated 
with a pathogenic isolate or mixture of isolates (Table 11 and Table 12). Symptomatic avocado 
roots of each test plant were macerated and suspended in sd water and the liquid suspension 
was used in the diagnostic. This experiment was repeated twice with the results from both 
experiments listed in Table 11 and Table 12.  
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In both trials of the Ca. ilicicola diagnostic, the positive control test sample (1 ng/µl of Ca. 
ilicicola DNA extract) was detected within 11–11.25 min (Table 11). In each trial, only 1 test 
sample, a plant inoculated with the target species and a plant inoculated with a mixed inoculum 
containing the target species, was successfully detected (Table 11). The time for detection of 
Ca. iliciola as a single inoculum was 39 min 15 s (Trial 1), and as a mixed inoculum was 19 
min 15 s (Trial 2). None of the non-target species were detected (Table 11).    
 
In both trials of the D. macrodidyma diagnostic, the positive control test sample (1 ng/µl of D. 
macrodidyma DNA extract) was successfully detected, at 16–17 min 30 s, however D. 
macrodidyma in root extracts from inoculated test plants was not detected (Table 12).  
  
Table 11. Testing optimised primer sets and isothermal conditions for specificity in detection of target species, 
Calonectria ilicicola. 
Isolate ID BRIP ID Species DNA template 
Trial 1: 
Detection 
time at 
67°C 
(mm:ss) 
Trial 2: 
Detection 
time at 
67°C 
(mm:ss) 
LP001 54018 a Calonectria ilicicola 
(positive control) 
1ng/µl DNA 
extract 
11:15 11:00 
n/a n/a none uninoculated 
avocado root tissue 
ND ND 
LP023-5 61349 e Dactylonectria macrodidyma inoculated avocado 
root tissue 
ND ND 
LP001 54018 a Calonectria ilicicola  inoculated avocado 
root tissue 
39:15 ND 
Pc na Phytophthora cinnamomi  inoculated avocado 
root tissue 
ND ND 
Dm + Ci 61349 e + 
54018 a 
Dactylonectria macrodidyma 
+ Calonectria ilicicola 
mixed inoculated 
avocado root tissue 
ND ND 
Dm + Ci + Pc 61349 e + 
54018 a + 
Pc 
Dactylonectria macrodidyma 
+ Calonectria ilicicola + 
Phytophthora cinnamomi 
mixed inoculated 
avocado root tissue 
ND 19:15 
Template Free n/a RNase-free water none ND ND 
ND not detected. 
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Table 12. Testing optimised primer sets and isothermal conditions for specificity in detection of target species, 
Dactylonectria macrodidyma, using inoculated avocado roots.  
Isolate ID BRIP ID Species DNA template 
Trial 1: 
Detection 
time at 
67°C 
(mm:ss) 
Trial 2: 
Detection 
time at 
67°C 
(mm:ss) 
LP023-5 61349 e Dactylonectria macrodidyma 
(positive control) 
1ng/µl DNA extract 17:30 16:00 
n/a n/a none uninoculated 
avocado root tissue 
ND ND 
LP023-5 61349 e Dactylonectria macrodidyma inoculated avocado 
root tissue 
ND ND 
LP001 54018 a Calonectria ilicicola  inoculated avocado 
root tissue 
ND ND 
Pc n/a Phytophthora cinnamomi  inoculated avocado 
root tissue 
ND ND 
Dm + Ci 61349 e + 
54018 a 
Dactylonectria macrodidyma 
+ Calonectria ilicicola 
mixed inoculated 
avocado root tissue 
ND ND 
Dm + Ci + Pc 61349 e + 
54018 a + 
Pc 
Dactylonectria macrodidyma 
+ Calonectria ilicicola + 
Phytophthora cinnamomi 
mixed inoculated 
avocado root tissue 
ND ND 
Template Free n/a RNase-free water none ND ND 
ND not detected. 
 
6.5 Discussion 
 
In this study, a LAMP diagnostic assay for detecting Calonectria ilicicola and Dactylonectria 
macrodidyma in avocado roots was developed from β-tubulin and Histone H3 fungal DNA 
sequence data. Five primers were designed which included one loop primer to increase the 
specificity, sensitivity and speed of the reaction, allowing detection of Ca. ilicicola in avocado 
roots and fungal DNA of both target species within 30 minutes. The speed of detection was 
fastest and most reliable for DNA extracts, with the detection speed increasing as fungal 
mycelia and plant tissue were introduced to the diagnostic. The specificity of the diagnostic for 
detecting D. macrodidyma was found to be subject to time, with specificity being most reliable 
in amplifications under 30 minutes. This is the first report of a LAMP-based diagnostic for 
detecting fungal pathogens in Calonectria and Dactylonectria. 
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In Experiment 5, which directly tested detection in avocado roots, a single test sample was used 
per inoculated plant, and not all nectriaceous pathogen-inoculated samples tested resulted in 
positive detection. Similarly, in Experiment 4, where DNA was detected from fungal isolate 
mycelia on PDA, each isolate was only tested once, with one mixed culture containing the 
target Calonectria ilicicola DNA failing to amplify. In test samples that were meant to produce 
positive results but failed, these should have been repeated in the following LAMP reactions. 
Repeating reactions and increasing sample size could remove any uncertainty of the reliability 
of the diagnostic. In LAMP studies by Fukuta et al. (2013), tomato roots were cut and placed 
into 1 ml water and the solution was shaken for 1 minute. Then 5 µl of the solution was used 
as the LAMP DNA template for each reaction sample and the detection experiments were 
repeated 3 times (Fukuta et al., 2013). This PhD study used 1 µl of template and the detection 
experiment was performed only once. Perhaps increasing the template volume and repeating 
the experiments would increase the chance of detection success.  
 
Although Ca. ilicicola DNA was successfully detected in some inoculated avocado seedling 
roots by simply adding necrotic root tissue to sd water and macerating, and other studies have 
also demonstrated reliable detection using this methodology (Fukuta et al., 2013), on-site DNA 
extraction prior to adding the DNA template to the LAMP reaction mixture could improve and 
maintain the success rate of target DNA detection directly in avocado roots. DNA extraction 
from plant material using a Lateral flow device (LFD) (Tomlinson et al., 2010a, 2010b) or with 
simple buffer solutions (Fukuta et al., 2003) could provide a quick and easy method of in-field 
DNA extraction prior to the LAMP reaction. In a study by Tomlinson et al. (2010b) 
Phytophthora ramorum DNA was extracted from host plant tissue by disrupting the plant 
material in a Lateral Flow Device (LFD) extraction buffer (LFD Buffer C, Forsite Diagnostics 
Ltd), dispensing the buffer onto the release pad of the nitrocellulose LFD, and allowing the 
buffer to run over the nitrocellulose membrane (Tomlinson et al., 2010b). The LFD was air-
dried for 5 minutes and sections of the LFD were added to the LAMP mixture and used as the 
DNA template in the reaction (Tomlinson et al., 2010b). An alternative cost-effective method 
using NaOH and Tris-HCl buffers was outlined by Fukuta et al. (2003) for extraction of DNA 
from young tomato leaf tissue, which was then used as DNA template in 25 µl LAMP reactions.  
These DNA extraction methods could be tested in further experiments.  
 
    
202 
 
Other ways to improve the detection in avocado roots, based on findings in Experiments 1 to 3 
could include modifying the amplification temperature from 67°C to 65°C. In Experiment 1, 
65°C worked best for faster detecting low concentration DNA compared to 67°C. Therefore if 
low DNA concentration is suspected, using 65°C could perhaps amplify otherwise non-
detectable DNA. In Experiment 2, the F Loop primers for detecting Dactylonectria 
macrodidyma which were tested at 65°C was found to cause amplification a few minutes faster 
than with the B Loop primers. Perhaps to increase the likelihood of detection in the roots, F 
Loop primers at 65°C could be used instead of B Loop primers. However, this may reduce 
sensitivity.   
 
Modifications to the diagnostic design in future experiments could use alternative LAMP 
reaction ingredients to enable simple visual detection by colorimetric change (Notomi et al., 
2015, Ward & Harper, 2012), without the need for LAMP-specific machinery. When DNA is 
synthesised in LAMP, pyrophosphate ions accumulate as a by-product and can bind to divalent 
metal ions, forming salt precipitates (Tomita et al., 2008). Calcein is a fluorescent metal 
indicator which is combined with manganous ions before amplification, causing the reaction 
solution to fluoresce orange (Tomita et al., 2008). The amplification of DNA induces 
pyrophosphate ion accumulation which binds to the manganous ions, depriving calcein of metal 
ions (Tomita et al., 2008). Calcein thus binds with residual magnesium ions in the reaction 
solution, producing brighter fluorescence (Tomita et al., 2008). This colour change indicates 
positive detection and can be observed in natural light or under a hand-held UV light (Tomita 
et al., 2008). The reagents required for the metal ion colorimetric method are materials found 
in most laboratories – tris buffer, potassium chloride, magnesium sulfate, tween 20, dNTPs, 
manganese(II) chloride, ammonium sulfate, betaine and calcein (Tomita et al., 2008) – and 
could provide a cost-effective alternative for LAMP reagents. Alternative LAMP colorimetric 
methods and reagents such as using hydroxynaphthol blue dye which results in the reaction 
solution turning blue (from purple) for positive detection, or remaining purple for negative 
detection, is described by Ward and Harper (2012). In studies by Tomlinson et al. (2010a) 
positive detection of plant phytoplasmas, extracted in LFDs and incubated for 45 mins at 65°C, 
were  detected through the hydroxylnapthol blue colorimetric assay within 1 hour (Tomlinson 
et al., 2010a). Detection of target DNA can also be measured in real-time with a turbidity meter 
(Mori et al., 2001), based on the formation of salt precipitates from pyrophosphate ions binding 
to metal ions in solution, and positive DNA detection can be visualised by eye from the 
presence of formed salt precipitates (Mori et al., 2001, Notomi et al., 2015). The test samples 
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in all of these methods can be incubated in a 65°C water bath for 30–60 minutes for 
amplification and then terminated on a 95°C heating block (or secondary water bath) for 2 
minutes (Notomi et al., 2015, Tomita et al., 2008, Ward & Harper, 2012). These alternative 
LAMP methods, which utilizes the same designed LAMP primers as those in this study, could 
enable the diagnostic to be even more cost-effective and widely accessible. 
 
Despite the reliability of detection reducing at plant-tissue level, the diagnostic is still arguably 
sound for effective detection of the studied pathogens. Each experiment performed, leading up 
to testing directly in plant tissue, was a checkpoint for securing specificity and sensitivity across 
a large DNA sample collection of target species and closely related species. The high precision 
of detection of pure fungal DNA extracts demonstrated that the reliability of the diagnostic. 
However further optimization is required to improve the consistency of detection and 
confirmation of positive results should also be confirmed with conventional diagnostic 
techniques such as isolation onto selective media, morphological examination and PCR. 
Nevertheless this LAMP diagnostic test is useful as an initial diagnostic tool.   
 
The findings of this study demonstrates a potential application and adoption of LAMP-based 
diagnostics in the Australian avocado industry. The simplicity of the testing method enables 
plant pathology service providers to use the tool as an initial test for confirming presence of 
important pathogens in nurseries or orchards. The LAMP primer sequences for detecting 
Calonectria ilicicola and Dactylonectria macrodidyma can be accessible through publication 
and the flexibility of the diagnostic procedure to be used with a range of reagents and equipment 
enables global accessibility. This diagnostic technology is not limited to testing in avocados as 
the nectriaceous pathogens of interest are also important pathogens of various crops and 
ornamental plants, revealing an opportunity for use of this diagnostic tool across multiple 
agricultural industries around the world. 
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Chapter 7: General Discussion 
 
7.1 Summary and significance of findings 
 
A large collection of 153 nectriaceous fungal isolates was subjected to Bayesian Inference and 
Maximum Likelihood molecular phylogenetic analyses, using partial gene sequences of β-
tubulin, Histone H3 and ITS (Chapter 2). Six nectriaceous genera, Calonectria, 
Cylindrocladiella, Dactylonectria, Gliocladiopsis, Ilyonectria and Mariannaea, were found to 
be associated with necrotic lesions on avocado roots in Australia. Isolates from other hosts 
were also identified as belonging to these genera. Over 20 putative novel cryptic species in 
these genera were discovered. The fungal species confirmed to be associated with avocado 
roots in Australia include the species complexes Calonectria ilicicola, Dactylonectria 
macrodidyma, D. anthuriicola, D. vitis, D. pauciseptata and Gliocladiopsis peggii; and species 
Cylindrocladiella pseudoinfestans, D. novozelandica, G. forsbergii, G. whileyi and 
Mariannaea humicola. This is also the first report of Cy. pseudoinfestans, M. humicola and 
Dactylonectria spp. associated with avocado in Australia.  
 
The current research supported the recent distinction and taxonomic separation of 
Dactylonectria from Ilyonectria (Lombard et al., 2014), with 64 isolates aligned in the 
Dactylonectria clade, sister to Ilyonectria, which had 41 isolates. This also demonstrated the 
application of the “one fungus – one name” rule in nomenclature (Crous et al., 2015), with the 
phylogeny of cylindrocarpon-like fungal isolates arranged in two separate genera, Ilyonectria 
or Dactylonectria. Ilyonectria destructans, an important black root rot pathogen of avocado in 
Chile (Besoain & Piontelli, 1999), Colombia (Ramírez Gil, 2013), Israel (Zilberstein et al., 
2007) and South Africa (Darvas, 1978, Snyman et al., 1984) was not found in this study, 
although the Ilyonectria genus is known to include important pathogens of grapevine in 
Australia (Weckert et al., 2007). The findings in Chapter 2 highlighted the importance of 
molecular phylogenetic methods in species identification and classification. Similarly the 
genus Mariannaea is poorly known and there was limited gene sequence data available for 
comparative phylogenetic analysis with Australian isolates (Chapter 2). The phylogenetic 
study on the nectriaceous fungal isolate collection highlighted the vast biodiversity of fungal 
organisms across a broad Australian geographic range, and a need to formally classify and 
describe the taxa.  
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Morphology and molecular phylogenetic analyses were used to formally classify and describe 
three new species of Gliocladiopsis, viz. G. forsbergii, G. peggii and G. whileyi (Chapter 3). 
The key morphological differences between the species were that G. forsbergii has 5 
conidiophore branches, G. peggii has 2 branches and G. whileyi has 4 branches. The genetic 
differences between these species were unique fixed nucleotide sequences across the ITS, β-
tubulin and Histone H3 gene regions. Gliocladiopsis peggii and similarly, Calonectria 
ilicicola, Dactylonectria macrodidyma, D. anthuriicola, D. vitis and D. pauciseptata were 
shown to represent species complexes. Further phylogenetic studies comparing morphologies 
of the taxa in species complexes to ex-type cultures, and analysing more gene loci or even 
whole genome sequencing, could resolve these species complexes (found in Chapters 2 and 3). 
This has been established in prior literature by Lombard et al. (2015), which utilized 10 gene 
loci to resolve the phylogeny of all of the genera in the Nectriaceae family (Lombard et al., 
2015), and by Malapi-Wight et al. (2015), which used next generation sequencing to construct 
a draft genome of Dactylonectria macrodidyma from genomic DNA of D. macrodidyma 
isolate, JAC15-245 (Malapi-Wight et al., 2015).  
 
Selected nectriaceous isolates from avocado and other hosts, identified in Chapter 2 and 3, were 
tested for their ability to cause black root rot disease in avocado cv. Reed seedlings and cv. 
Hass fruit (Chapter 4). Calonectria ilicicola was found to be an aggressive pathogen of avocado 
causing black root rot symptoms and seedling death within 5 weeks of inoculation. It was noted 
that the ability to cause stunting varied between Ca. ilicicola isolates. Calonectria ilicicola and 
Calonectria sp. isolated from other hosts were also demonstrated to be severely pathogenic to 
avocado and this could have implications for management of multi-cropping nurseries or 
orchards. The severity of Ca. ilicicola found in this study is consistent with Dann et al. (2012). 
However this is the first study reporting the severity of Ca. ilicicola from three other hosts 
(custard apple, papaya and peanut) on avocado. Cross pathogenicity testing of the Ca. ilicicola 
isolates was not undertaken on custard apple, papaya or peanut, however this should be tested 
in further research to demonstrate the implications on multi-cropping nurseries. Ca. ilicicola 
in avocado is associated with dead, or unthrifty nursery trees and young orchard transplants, 
and the origins of disease by this pathogen can often be traced back to a single nursery. 
Although the disease caused by Ca. ilicicola is severe, loss in production or spread of disease 
to other nurseries and orchards can be significantly reduced with quick diagnosis and 
implementation of good disease management. 
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The genus Dactylonectria was also demonstrated to contain species pathogenic to avocado with 
D. macrodidyma, D. novozelandica, D. pauciseptata and D. anthuriicola causing significant 
root rot within 9 weeks of inoculation (Chapter 4). Species of Dactylonectria were collected 
from avocados of all plant health and age groups, had the widest geographical distribution, and 
the most isolates in the collection compared to the other genera (Chapter 2).  
 
It is likely that Dactylonectria spp. causing black root rot in avocado were previously identified 
and reported as Ilyonectria spp. (Ramírez Gil, 2013, Vitale et al., 2012, Zilberstein et al., 2007). 
However Ilyonectria is a distinct genus from Dactylonectria (Lombard et al., 2014). The 
Ilyonectria sp. isolates tested in Chapter 4 were not pathogenic to avocado seedlings. This study 
has demonstrated that the important pathogens of avocado are Calonectria spp. and 
Dactylonectria spp. 
 
Isolates of Cylindrocladiella pseudoinfestans and Gliocladiopsis peggii were not pathogenic 
to avocado seedlings (Chapter 4), despite a high frequency of association with necrotic avocado 
roots (Chapter 2). The ability of nectriaceous fungi to facilitate disease in avocado by other 
pathogens is yet to be studied. Nectriaceous fungi may predispose avocado trees to other 
pathogens (López-Herrera & Melero-Vara, 1991), for example, Phytophthora cinnamomi, and 
exacerbate disease. Such synergistic effects have been reported for Nectriaceae and other fungi 
in grapevine (Whitelaw-Weckert et al., 2013) and apple trees (Tewoldemedhin et al., 2011) 
and future co-infection studies with known pathogens and nectriaceous fungi may demonstrate 
this. 
 
Although only one trial was undertaken with avocado fruit, Calonectria ilicicola inoculation 
of peel caused necrotic lesions (Chapter 4). However, the severity of the fruit necrosis varied 
among the Ca. ilicicola isolates from avocado and papaya, similar to what was found in the 
glasshouse experiments. Avocado isolates of D. macrodidyma and Ilyonectria spp., and a 
papaya isolate of Ca. ilicicola, were also able to cause necrotic lesions on fruit skin, but only 
with the facilitation of a mechanical wound. The D. macrodidyma isolate tested on fruit was 
not tested for pathogenicity in avocado seedlings. A more comprehensive fruit inoculation trial 
should be undertaken with at least all of the fungal isolates used in the glasshouse pathogenicity 
tests, to fully establish whether the differences in pathogenicity observed in avocado seedlings 
is repeated in fruit. If both pathogenicity experiments on seedlings and fruit demonstrated the 
same trends in pathogenicity between fungal species and isolates of the same species, the fruit 
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pathogenicity experiment could be a useful proxy for pathogenicity testing. That is, avocado 
fruit could be a useful tool in demonstrating pathogenicity of fungal isolates, showing disease 
severity in a faster time frame.  
 
Tomato seedlings were selected as model plants for testing the phytotoxicity of culture filtrates 
(CF) due to their small size and ability to be transferred to small tubes containing small volumes 
of CF; and because phytotoxic effects were likely to develop more rapidly in sensitive tomato 
seedlings. The experiments on tomato seedlings demonstrated that Calonectria ilicicola 
produce exudates which induced phytotoxic symptoms (Chapter 5). The tomatoes with root 
systems immersed in Ca. ilicicola CF died or developed disease-like symptoms of leaf wilt, 
chlorosis and necrosis, more rapidly than those immersed in D. macrodidyma CF. This is 
consistent with glasshouse pathogenicity experiments (Chapter 4), where black root rot 
symptoms occurred within 5 and 9 weeks, respectively, after inoculation of avocado seedlings 
with Ca. ilicicola, and D. macrodidyma. The phytotoxic exudates produced by D. 
macrodidyma may be different to those produced by Ca. ilicicola, which in turn may have 
affected the severity and timing of disease symptom development. Tomato seedlings treated 
with purified Brefeldin A, a phytotoxic compound produced by nectriaceous fungi (Evans et 
al., 1967, Weber et al., 2004), developed disease-like symptoms similar in severity and rate as 
those treated with Ca. ilicicola CF. 
 
There was inconclusive evidence from the fruit experiment to determine whether fungal 
exudates in culture filtrates facilitate infection and disease development after inoculation with 
nectriaceous pathogens (Chapter 5). This trial should be refined and repeated to further explore 
the interaction of phytotoxins on facilitation of disease development by nectriaceous fungi and 
Colletotrichum spp., the latter causing postharvest anthracnose disease on fruit.  
 
The gene sequence data generated in the phylogeny study (Chapter 2) found unique nucleotide 
sequences specific to the nectriaceous fungal species. This data was used to design species-
specific primers for the development of a loop-mediated isothermal amplification (LAMP), 
rapid molecular diagnostic (Chapter 6). The diagnostic was found to be highly sensitive and 
specific to the target pathogens, Ca. ilicicola and D. macrodidyma, with pure fungal DNA 
extracts and fungal mycelia as templates. Calonectria iliciciola was successfully detected 
directly in inoculated avocado roots, however this is yet to be demonstrated for D. 
macrodidyma. Nevertheless, the testing checkpoints have established that the test successfully 
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detects the targets and that it is sensitive and specific. Modifying the diagnostic by adding an 
extra step, for example, a simple DNA extraction, may increase the likelihood of consistent 
detection from avocado roots. The development of a rapid LAMP diagnostic for detecting 
nectriaceous pathogens is desirable to industry because it is highly specific, detection is 
visualised in real-time and results are determined within minutes, DNA can be detected directly 
in soil or in plant tissue and testing can be performed on-site in the nursery or orchard with 
portable equipment rather than in a laboratory. Thus, the diagnostic could be adopted by 
nursery and orchard growers as part of the Avocado Nursery Voluntary Accreditation Scheme 
(ANVAS), where plant pathology service providers can use LAMP as an initial identification 
step in screening for pathogens in ANVAS nurseries. Loop-mediated isothermal amplification 
diagnostics has commercial adoption in health care, for example in screening for E. coli (Hill 
et al., 2008), HIV (Curtis et al., 2008) or tuberculosis (Boehme et al., 2007); and in food safety 
for rapidly detecting bacterial or fungal contaminants in food (Niessen et al., 2013). There is 
research on LAMP assays for various pathogens on a number of plant hosts (Fukuta et al., 
2013, Kuan et al., 2010, Le et al., 2010, Rigano et al., 2010), and the findings of this study 
demonstrates an opportunity for commercial adoption of the technology in the avocado 
industry.  
 
7.2 Future Directions 
 
Some potential future research which builds on the findings of this thesis could include: 
1. Further studies are required on the phylogeny of nectriaceous fungi in Australia with 
more sequenced genes, DNA barcoding or whole genome sequencing, and 
morphological comparisons to formally classify and describe new cryptic species and 
resolve species complexes or unresolved taxa. Including several gene loci in the 
phylogenetic analyses could provide a higher resolution of the genetic differences, and 
potentially separate species complexes. Accurate and rapid identification of potential 
pathogens is essential for successful disease control. 
2. Further investigation on the potential facilitation of nectriaceous fungi (eg. Ilyonectria 
and Dactylonectria spp.) on disease development, with co-inoculation experiments on 
avocado seedlings with Dactylonectria or Ilyonectria spp. and known soilborne 
avocado pathogens such as Phytophthora cinnamomi, or the nectriaceous fungi tested 
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in this research, could potentially demonstrate the devastating impact of nectriaceous 
fungi on the early tree mortality of infected young avocado trees.  
3. Glasshouse experiments comparing the susceptibility of various clonal and seedling 
rootstock varieties to nectriaceous fungal pathogens. The results may have an impact 
on the commercial avocado industry.   
4. Further inoculation experiments on avocado fruit to determine whether fruit could be a 
reliable, rapid diagnostic method for revealing pathogenicity of fungal isolates on 
avocado. If demonstrated to be consistent with current glasshouse findings, this 
experimental method could be adopted in plant pathology diagnostics for avocado, 
significantly reducing testing time.  
5. Isolating and characterising the phytotoxins present in fungal exudates and directly 
testing the isolated phytotoxins, to elucidate which compounds are causing the disease 
symptoms. This would provide a better understanding of the mechanism of 
pathogenicity of Calonectria and Dactylonectria spp.  
6. Directly testing the effects of phytotoxic exudates produced by Ca. ilicicola for ability 
to cause stunting in avocado seedlings. Calonectria ilicicola was found to be aggressive 
pathogens of avocado, with stunting resulting within 5 weeks of inoculation. Further 
research directly testing the fungal exudates produced by this pathogen could 
demonstrate whether the phytotoxic exudates are causing the stunting in avocado 
seedlings, or whether the stunting is a result of severe damage to the roots from 
pathogen infection.    
7. Investigate whether the phytotoxic exudates produced by D. macrodidyma are anti-
microbial. Prior literature has suggested that Ilyonectria and Dactylonectria spp. 
produce antimicrobial compounds to compete with microbes in the rhizosphere 
(Whitelaw-Weckert et al., 2013). Suppression of beneficial microbes and competing 
pathogens may potentially be a mechanism for pathogenicity of Dactylonectria spp. in 
avocado trees.   
8. Further modifications and testing of the LAMP diagnostic test to increase sensitivity 
and specificity in avocado roots, for example, by adding a DNA extraction step. This 
improvement to the diagnostic design could strengthen the likelihood of commercial 
adoption of the technology.  
9. Test alternate reagents for a modified LAMP diagnostic to make the diagnostic more 
cost effective and accessible. Access to an affordable, rapid molecular diagnostic would 
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greatly benefit developing countries and contribute towards maintaining global food 
security.   
 
7.3 Conclusions 
 
This PhD thesis fulfilled the central objectives and determined the nectriaceous fungal genera 
and species associated with black root rot in Australian avocado trees. Three new species were 
formally described, and 20 putative novel taxa were identified. The pathogenicity of several 
species was demonstrated, extending our knowledge of the causal agents of black root rot 
disease in Australia.  Two of the pathogenic species produced phytotoxic exudates likely to 
have a role in disease symptom development. Finally, a rapid molecular diagnostic test which 
detects the presence of nectriaceous pathogens in avocado roots has been developed and is in 
the final stages of optimisation and validation. The findings have made a significant 
contribution to expanding scientific and industry knowledge. 
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Appendix 
 
Table A1. Full details of the fungal isolates examined in the phylogeny study (Chapter 2). 
  
Isolate 
number  
BRIP ID Fungal Species Host Locality Substrate Orchard 
or 
nursery? 
Young 
or 
mature 
tree? 
Sick or 
healthy 
tree? 
Collector Collector's 
Affiliation 
Collection 
date 
LP001 54018 a Calonectria ilicicola Persea 
americana 
QLD Young 
avocado 
roots 
nursery young sick E. Dann, A. 
Cooke, L. 
Forsberg 
UQ; Grow 
Help 
Australia 
Nov-10 
LP002 60979 Dactylonectria 
macrodidyma 
Persea 
americana 
Hampton, 
QLD 
Avocado 
roots 
orchard mature sick L. 
Parkinson, 
K. Pegg 
UQ; Grow 
Help 
Australia 
Oct-13 
LP003 60980 Ilyonectria sp.  Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
orchard mature sick K. Pegg 
  
Grow Help 
Australia 
Oct-13 
LP004 60981 Calonectria sp. Vaccinium sp. 
(Cyanococcus) 
NSW Blueberry 
roots 
? ? ? R. Daniel NSW DPI Nov-13 
LP005 60982 Calonectria ilicicola Persea 
americana 
Childers, 
QLD 
Avocado 
roots 
? ? ? A. Cooke, A 
Manners  
Grow Help 
Australia 
Nov-13 
LP006 60983 Gliocladiopsis peggii Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
? ? ? A Cooke, A 
Manners  
Grow Help 
Australia 
Nov-13 
LP007 54019 Gliocladiopsis sp.  Persea 
americana 
QLD Avocado 
roots 
nursery young sick E. Dann UQ Nov-10 
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LP008 60984 Gliocladiopsis 
forsbergii 
Grevillea sp. Burbank, 
QLD 
Grevillea 
stem 
(Grevillea 
cutting) 
? ? sick A. Manners  Grow Help 
Australia 
Feb-14 
LP009 60985 Dactylonectria 
anthuriicola 
Persea 
americana 
Hampton, 
QLD 
Avocado 
roots 
orchard mature healthy L. 
Parkinson, 
K. Pegg 
UQ; Grow 
Help 
Australia 
Feb-14 
LP010 60986 Cylindrocladiella 
pseudoinfestans 
Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
nursery young sick A. Manners  Grow Help 
Australia 
Dec-13 
LP011 60987 Gliocladiopsis sp.  Persea 
americana 
Walkamin, 
QLD 
Nursery 
avocado 
roots 
nursery young sick A. Manners  Grow Help 
Australia 
Dec-13 
LP012 60988 Gliocladiopsis peggii Persea 
americana 
Walkamin, 
QLD 
Nursery 
avocado 
roots 
nursery young sick A. Manners  Grow Help 
Australia 
Dec-13 
LP013 60989 Ilyonectria sp.  Persea 
americana 
Duranbah, 
NSW 
Nursery 
avocado 
roots 
nursrery  young sick A. Manners  Grow Help 
Australia 
Dec-13 
LP014 60990 Gliocladiopsis sp.  Persea 
americana 
Woombye, 
QLD 
Nursery 
avocado 
stem 
lesions 
nursery young sick A. Manners  Grow Help 
Australia 
Dec-13 
LP015 61089 Dactylonectria 
pauciseptata 
Persea 
americana 
Mareeba, 
QLD 
Avocado 
roots 
? ? sick A. Manners  Grow Help 
Australia 
Mar-14 
LP016 60992 Calonectria ilicicola Carica papaya South 
Johnstone, 
QLD 
Papaya 
roots 
? ? sick L. Vawdrey CWTA Mar-14 
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LP017 61291 Calonectria ilicicola Annona 
reticulata 
Woombye, 
QLD 
Custard 
apple roots 
(root rot) 
nursery young sick K. Pegg, A. 
Cooke  
Grow Help 
Australia 
May-14 
LP018 61292 Cylindrocladiella sp.  Cinnamomum 
camphora 
Alstonville, 
NSW 
Camphor 
laurel roots 
orchard mature healthy L. Parkinson UQ Mar-14 
LP019-1 61294 a Dactylonectria 
macrodidyma 
Persea 
americana 
Alstonville, 
NSW 
Avocado 
roots 
orchard mature sick L. Parkinson UQ Mar-14 
LP019-2 61294 b Dactylonectria 
macrodidyma 
Persea 
americana 
Alstonville, 
NSW 
Avocado 
roots 
orchard mature sick L. Parkinson UQ Mar-14 
LP020-4 61295 d Dactylonectria 
pauciseptata 
Persea 
americana 
Alstonville, 
NSW 
Avocado 
roots 
orchard young sick L. Parkinson UQ Mar-14 
LP021-1 61427 a Dactylonectria 
macrodidyma 
Persea 
americana 
Alstonville, 
NSW 
Avocado 
roots 
orchard young sick L. Parkinson UQ Mar-14 
LP022-2 61428 b Dactylonectria 
pauciseptata 
Persea 
americana 
Nimbin, 
NSW 
Avocado 
roots 
orchard young sick L. Parkinson UQ Mar-14 
LP022-3 61428 c Dactylonectria 
pauciseptata 
Persea 
americana 
Nimbin, 
NSW 
Avocado 
roots 
orchard yong sick L. Parkinson UQ Mar-14 
LP022-4 61428 d Dactylonectria 
pauciseptata 
Persea 
americana 
Nimbin, 
NSW 
Avocado 
roots 
orchard young sick L. Parkinson UQ Mar-14 
LP023-1 61349 a Gliocladiopsis 
forsbergii 
Persea 
americana 
Mullumbimb
y, NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Mar-14 
LP023-4 61349 d Ilyonectria sp. Persea 
americana 
Mullumbimb
y, NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Mar-14 
LP023-5 61349 e Dactylonectria 
macrodidyma 
Persea 
americana 
Mullumbimb
y, NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Mar-14 
LP023-6 61349 f Dactylonectria 
macrodidyma 
Persea 
americana 
Mullumbimb
y, NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Mar-14 
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LP024 61293 Ilyonectria sp.  Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
orchard ? sick K. Pegg, A. 
Cooke  
Grow Help 
Australia 
May-14 
LP025-2 61429 b Dactylonectria 
anthuriicola 
Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
? ? ? E. Dann UQ May-14 
LP026 61430 Gliocladiopsis whileyi Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
orchard mature ? E. Dann UQ May-14 
LP027-3 61431 c Dactylonectria 
macrodidyma 
Persea 
americana 
Green 
Pigeon, 
NSW 
Avocado 
roots 
? ? ? E. Dann UQ May-14 
LP028 60388 Calonectria ilicicola Arachis 
hypogaea 
Atherton, 
QLD 
Unknown ? ? ? L. Owens  QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
Mar-12 
LP029 60389 Calonectria ilicicola Arachis 
hypogaea 
Tolga, QLD Unknown ? ? ? L. Owens  QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
Jan-11 
LP030 60397 Calonectria ilicicola Arachis 
hypogaea 
Kairi, QLD Unknown ? ? ? L. Owens  QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
Feb-11 
LP031-2 61432 b Ilyonectria sp.  Cinnamomum 
camphora 
Moggill, 
QLD 
Camphor 
laurel roots 
backyard ? ? K. Pegg Grow Help 
Australia 
Apr-14 
LP031-3 61432 c Dactylonectria 
pauciseptata 
Cinnamomum 
camphora 
Moggill, 
QLD 
Camphor 
laurel roots 
backyard ? ? K. Pegg Grow Help 
Australia 
Apr-14 
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LP032-1 61433 a Dactylonectria 
pauciseptata 
Endiandra sp. Moggill, 
QLD 
Endiandra 
sp. Roots 
backyard ? ? K. Pegg Grow Help 
Australia 
Apr-14 
LP033-1 61434 a Dactylonectria 
macrodidyma 
Cryptocarya sp. Moggill, 
QLD 
Cryptocary
a sp. Roots 
backyard ? ? K. Pegg Grow Help 
Australia 
Apr-14 
LP034-2 61435 b Ilyonectria sp. Persea 
americana 
Childers, 
QLD 
Avocado 
roots 
? ? sick E. Dann UQ Apr-14 
LP034-3 61435 c Ilyonectria sp.  Persea 
americana 
Childers, 
QLD 
Avocado 
roots 
? ? sick E. Dann UQ Apr-14 
LP035-1 61436 a Dactylonectria 
macrodidyma 
Persea 
americana 
Childers, 
QLD 
Avocado 
roots 
? ? sick E. Dann UQ Apr-14 
LP035-3 61436 c Dactylonectria 
pauciseptata 
Persea 
americana 
Childers, 
QLD 
Avocado 
roots 
? ? sick E. Dann UQ Apr-14 
LP036-2 61437 b Dactylonectria 
anthuriicola 
Persea 
americana 
Childers, 
QLD 
Avocado 
roots 
? ? healthy E. Dann UQ Apr-14 
LP037-2 60907 b Dactylonectria 
macrodidyma 
Persea 
americana 
Childers, 
QLD 
Avocado 
roots 
? ? sick E. Dann UQ Apr-14 
LP038-1 60991 a Dactylonectria 
pauciseptata 
Persea 
americana 
Mt Binga, 
QLD 
Avocado 
roots 
? ? healthy E. Dann UQ May-14 
LP039-2 61438 b Ilyonectria sp. Persea 
americana 
Mt Binga, 
QLD 
Avocado 
roots 
? ? sick E. Dann UQ May-14 
LP040-1 61090 a Ilyonectria sp. Persea 
americana 
Beechmont, 
QLD 
Avocado 
roots 
? ? healthy E. Dann UQ May-14 
LP040-3 61090 c Dactylonectria 
macrodidyma 
Persea 
americana 
Beechmont, 
QLD 
Avocado 
roots 
? ? healthy Elizabeth 
Dann 
UQ May-14 
LP040-6 61090 f Dactylonectria 
macrodidyma 
Persea 
americana 
Beechmont, 
QLD 
Avocado 
roots 
? ? healthy E. Dann UQ May-14 
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LP041-2 61263 f Dactylonectria vitis Carica papaya Norfolk 
Island 
Papaya 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP041-4 61263 e Dactylonectria vitis Carica papaya Norfolk 
Island 
Papaya 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP041-5 61263 g Dactylonectria vitis Carica papaya Norfolk 
Island 
Papaya 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP041-6 61263 h Dactylonectria vitis Carica papaya Norfolk 
Island 
Papaya 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP041-7 61263 i Dactylonectria vitis Carica papaya Norfolk 
Island 
Papaya 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP042 61259 c Dactylonectria 
macrodidyma 
Persea 
americana 
Norfolk 
Island 
Avocado 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP043 61260 c Dactylonectria 
macrodidyma 
Persea 
americana 
Norfolk 
Island 
Avocado 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP044-1 61352 c Dactylonectria sp. Persea 
americana 
Norfolk 
Island 
Avocado 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP044-2 61352 f Ilyonectria sp. Persea 
americana 
Norfolk 
Island 
Avocado 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP045 61354 c Dactylonectria sp. Persea 
americana 
Norfolk 
Island 
Avocado 
roots 
? ? ? L. Shuey DAF 
Biosecurity 
Jun-14 
LP046-1 61194 a Ilyonectria sp. Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? healthy E. Dann UQ Jun-14 
LP046-2 61194 b Ilyonectria sp.  Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? healthy E. Dann UQ Jun-14 
LP046-3 61194 c Ilyonectria sp.  Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? healthy E. Dann UQ Jun-14 
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LP047-2 61195 b Dactylonectria vitis Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? sick E. Dann UQ Jun-14 
LP047-4 61195 d Dactylonectria 
macrodidyma 
Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? sick E. Dann UQ Jun-14 
LP048-3 61192 c Mariannaea sp.  Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? healthy E. Dann UQ Jun-14 
LP048-6 61192 f Mariannaea sp.  Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? healthy E. Dann UQ Jun-14 
LP049-1 61193 a Ilyonectria sp.  Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? sick E. Dann UQ Jun-14 
LP049-2 61193 b Ilyonectria sp.  Persea 
americana 
Comboyne, 
NSW 
Avocado 
roots 
? ? sick E. Dann UQ Jun-14 
LP050 61448 Calonectria sp.  Melaleuca 
alternifolia 
Narellan, 
NSW 
Tea tree 
leaves/stem 
? ? ? R. Daniel NSW DPI Jun-14 
LP052-1 61306 a Dactylonectria 
macrodidyma 
Persea 
americana 
Bellthorpe, 
QLD 
Avocado 
roots 
? ? healthy L. Parkinson UQ Jul-14 
LP052-2 61306 b Dactylonectria 
anthuriicola 
Persea 
americana 
Bellthorpe, 
QLD 
Avocado 
roots 
? ? healthy L. Parkinson UQ Jul-14 
LP053-3 61439 c Ilyonectria sp. Persea 
americana 
Bellthorpe, 
QLD 
Avocado 
roots 
? ? sick L. Parkinson UQ Jul-14 
LP054-4 61303 d Ilyonectria sp. Persea 
americana 
Bellthorpe, 
QLD 
Avocado 
roots 
? ? sick L. Parkinson UQ Jul-14 
LP055-1 61440 a Dactylonectria 
macrodidyma 
Persea 
americana 
Pemberton, 
WA 
Avocado 
roots 
? ? ? A Manners,  
Cooke, 
Kenn Pegg 
Grow Help 
Australia 
Jul-14 
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LP056 61441 Ilyonectria sp. Persea 
americana 
Pemberton, 
WA 
Avocado 
roots 
? ? ? A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Jul-14 
LP057 61442 Dactylonectria 
macrodidyma 
Persea 
americana 
Manjimup, 
WA 
Avocado 
roots 
? ? ? A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Jul-14 
LP058 61443 Ilyonectria sp.  Persea 
americana 
Manjimup, 
WA 
Avocado 
roots 
? ? ? A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Jul-14 
LP059-1 61444 a Dactylonectria 
macrodidyma 
Persea 
americana 
Capel, WA Avocado 
roots 
? ? ? A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Jul-14 
LP060-1 61446 a Ilyonectria sp.  Persea 
americana 
WA Avocado 
roots 
orchard young sick A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Aug-14 
LP060-2 61446 b Gliocladiopsis sp. Persea 
americana 
WA Avocado 
roots 
orchard young sick A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Aug-14 
LP061 54020 a Ilyonectria sp. Persea 
americana 
QLD Avocado 
roots? 
? ? ? E. Dann, A. 
Cooke 
UQ; Grow 
Help 
Australia 
Nov-10 
LP062 15920 a Calonectria sp.  Annona 
squamosa 
Eumundi, 
QLD 
Sugar apple 
fruit? 
? ? ? S. Todd QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
? 
LP063 16747 a Calonectria sp.  Arachis pintoi Eumundi, 
QLD 
Peanut 
roots? 
? ? ? G. Sanewski QLD Plant 
Pathology 
Herbarium 
Jul-89 
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deposited 
isolate 
LP064 52550 a Dactylonectria 
pauciseptata 
Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
? ? ? E. Trebilco, 
L. Forsberg  
QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
? 
LP065 53498 a Ilyonectria sp.  Vitis vinifera  Hunter 
Valley, 
NSW 
Grapevine 
roots? 
? ? ? QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
? 
LP066 53933 a Calonectria ilicicola Carica papaya South 
Johnstone, 
QLD 
Papaya 
roots? 
? ? ? P. Ibell  QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
Nov-10 
LP067 55531 a Calonectria ilicicola Persea 
americana 
Evelyn, 
QLD 
Avocado 
roots 
? ? ? P. Holt QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
Mar-12 
LP068 55532 a Ilyonectria sp.  Persea 
americana 
Evelyn, 
QLD 
Avocado 
roots 
? ? ? P. Holt, K. 
Grice. 
QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
Mar-12 
LP069 53652 a Ilyonectria sp.  Persea 
americana 
QLD Avocado 
roots? 
? ? ? E. Dann, A. 
Cooke 
UQ; Grow 
Help 
Australia 
? 
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LP070 53653 a Calonectria ilicicola Persea 
americana 
QLD Avocado 
roots? 
nursery young sick E. Dann, A. 
Cooke 
UQ; Grow 
Help 
Australia 
? 
LP071 53654 Gliocladiopsis peggii Persea 
americana 
QLD ? ? ? Herbarium QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
QLD Plant 
Pathology 
Herbarium 
deposited 
isolate 
? 
LP072-1 62000 a Dactylonectria 
zovozelandica 
Persea 
americana 
Gol Gol, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Sep-14 
LP072-2 62000 b Dactylonectria 
macrodidyma 
Persea 
americana 
Gol Gol, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Sep-14 
LP072-3 62000 c Dactylonectria 
zovozelandica 
Persea 
americana 
Gol Gol, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Sep-14 
LP072-
4a 
62000 d Dactylonectria 
zovozelandica 
Persea 
americana 
Gol Gol, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Sep-14 
LP072-
4b 
62000 g Dactylonectria 
macrodidyma 
Persea 
americana 
Gol Gol, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Sep-14 
LP072-5 62000 e Ilyonectria sp. Persea 
americana 
Gol Gol, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Sep-14 
LP072-6 62000 f Ilyonectria sp.  Persea 
americana 
Gol Gol, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Sep-14 
LP073-
2a 
62001 a Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP073-
2b 
62001 b Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP074-1 62002 a Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young healthy L. Parkinson UQ Sep-14 
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LP074-2 62002 b Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young healthy L. Parkinson UQ Sep-14 
LP074-
10a 
62002 c Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young healthy L. Parkinson UQ Sep-14 
LP074-
10b 
62002 d Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young healthy L. Parkinson UQ Sep-14 
LP074-
10c 
62002 e Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young healthy L. Parkinson UQ Sep-14 
LP074-
10d 
62002 f Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young healthy L. Parkinson UQ Sep-14 
LP075-1 61546 a Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-2 61546 b Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-3 61546 c Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-4 61546 d Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-5 61546 e Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-6 61546 f Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-7 61546 g Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-8 61546 h Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
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LP075-9 61546 i Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-
10 
61546 j Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP075-
11 
61546 k Dactylonectria 
macrodidyma 
Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP076-1 62003 a Gliocladiopsis peggii Persea 
americana 
Hampton, 
QLD 
Avocado 
roots 
orchard young sick L. Parkinson UQ Jan-15 
LP077-2 62004 b Ilyonectria sp.  Persea 
americana 
Robinvale, 
VIC 
Avocado 
roots 
orchard young healthy L. Parkinson UQ Sep-14 
LP078-1 62005 a Dactylonectria 
macrodidyma 
Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP078-3 62005 c Dactylonectria 
macrodidyma 
Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Sep-14 
LP081-1 62007 a Dactylonectria sp.  Persea 
americana 
Hampton, 
QLD 
Avocado 
roots 
orchard young sick L. Parkinson UQ Jan-15 
LP082-1 62008 a Gliocladiopsis peggii Persea 
americana 
Hampton, 
QLD 
Avocado 
roots 
orchard young sick L. Parkinson UQ Jan-15 
LP083-1 62843 a Gliocladiopsis peggii Persea 
americana 
Hampton, 
QLD 
Avocado 
roots 
orchard young sick L. Parkinson UQ Jan-15 
LP084-1 62844 a Gliocladiopsis peggii Persea 
americana 
Sunshine 
Coast, QLD 
Avocado 
roots 
? ? ? A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Jun-15 
LP084-3 62844 c Gliocladiopsis peggii Persea 
americana 
Sunshine 
Coast, QLD 
Avocado 
roots 
? ? ? A. Manners, 
A. Cooke, 
K. Pegg 
Grow Help 
Australia 
Jun-15 
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LP085-1 62845 a Gliocladiopsis peggii Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Jul-15 
LP085-2 62845 b Gliocladiopsis sp.  Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Jul-15 
LP085-3 62845 c Gliocladiopsis sp. Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Jul-15 
LP085-4 62845 d Gliocladiopsis sp.  Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Jul-15 
LP085-5 62845 e Gliocladiopsis peggii Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
nursery young sick L. Parkinson UQ Jul-15 
LP086-1 63705 a Ilyonectria sp.  Persea 
americana 
Duranbah, 
NSW 
Avocado 
roots 
nursery young healthy L. Parkinson UQ Jul-15 
LP088-1 63707 a Dactylonectria sp. Persea 
americana 
Busselton, 
WA 
Avocado 
roots 
? ? ? A. Manners  Grow Help 
Australia 
Aug-15 
LP088-2 63707 b Ilyonectria sp.  Persea 
americana 
Busselton, 
WA 
Avocado 
roots 
? ? ? A. Manners Grow Help 
Australia 
Aug-15 
LP089-2 63708 b Dactylonectria vitis Elaeocarpus sp.  New Farm, 
QLD 
Elaeocarpu
s roots 
? ? ? A. Manners Grow Help 
Australia 
Aug-15 
LP090-1 63709 a Gliocladiopsis sp.  Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
nursery young sick L. Parkinson UQ Aug-15 
LP090-2 63709 b Gliocladiopsis sp.  Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
nursery young sick L. Parkinson UQ Aug-15 
LP090-3 63709 c Gliocladiopsis peggii Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
nursery young sick L. Parkinson UQ Aug-15 
LP090-4 63709 d Gliocladiopsis peggii Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
nursery young sick L. Parkinson UQ Aug-15 
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LP091-1 63710 a Gliocladiopsis peggii Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
nursery young sick L. Parkinson UQ Aug-15 
LP091-3 63710 c Gliocladiopsis sp.  Persea 
americana 
Woombye, 
QLD 
Avocado 
roots 
nursery young sick L. Parkinson UQ Aug-15 
LP092-2 63711 b Dactylonectria 
pauciseptata 
Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Nov-15 
LP092-3 63711 c Gliocladiopsis sp.  Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Nov-15 
LP092-4 63711 d Gliocladiopsis peggii Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Nov-15 
LP092-5 63711 e Mariannaea humicola Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Nov-15 
LP092-6 63711 f Ilyonectria sp.  Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Nov-15 
LP092-7 63711 g Ilyonectria sp.  Persea 
americana 
Waikerie, 
SA 
Avocado 
roots 
orchard young sick L. Parkinson UQ Nov-15 
LP093 63712 Calonectria sp.  Heliconia bihai 
x H. caribaea  
Eumundi, 
QLD 
Roots nursery young sick A. Manners  Grow Help 
Australia 
Nov-15 
LP094 63713 Dactylonectria 
pauciseptata 
Persea 
americana 
Duranbah, 
NSW 
Roots nursery young healthy L. Parkinson UQ Jan-16 
LP095-1 63714 a Ilyonectria sp. Persea 
americana 
Duranbah, 
NSW 
Roots nursery young sick L. Tesoriero NSW DPI Jan-16 
LP095-2 63714 b Ilyonectria sp. Persea 
americana 
Duranbah, 
NSW 
Roots nursery young sick L. Tesoriero NSW DPI Jan-16 
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